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ABSTRACT

The eye of Hurricane Edna crossed Cape Cod during the afterncon of
11 September 195k. Unique photographic records were made at several ra-
dar sites and include time larse Range Height (RHI) and PPI movies and
stille. These, with regular and special ground based weather observa-
tions and the deta of aircraft reconnaissance, have contributed knowl-
edge of various features of the storm.

The precipitation of Edna evidences a banded structure roughly con-
centric with the eye; as is the case with most northward moving hurri-
canes in middle latitudes, precipitation is meinly confined to the
northern semicircle. The major outer bands are relatively broad and far
apart and are composed of discrete showers, most of which are revealed
by radar to initiate and grow substantially below the melting layer.
These showers are often beneath a deck of middle or high clouds, but
their histories appear largely independent of the upper cloud masses.
Nearer the eye the bands are closer together, narrower and more contin-
uous along their lengths. However, there is radar and reinfall evidence
for the presence of a finer structure also within the continuous inner

bands.

No consistent relation with vertical wind shear is found for the
band orientation. However, the most prominent ones lie approximately
parallel to the surface winds or isobars, or about midway between thelr
directions if they differ considersbly. Differerces between convective
und stratiform type bands are attribvted primarily to variations of the
stabllity of the alr involved. Modification of the stability of the air
with continued convergence is illustrated by the relatively convective
nature of the upwind ends of the hands and thelr more unlform character
downwind. .

The upper portions ot the bands as revealed by radar suggest upper
level divergence. A weakened radar return from upper masses immediately
shead of the bands is indicative of downdrafts in these localities which
campensate the active low level convergence and updraft of the band re-
glons.

The motion of the showers in the northern outskirts of this storm
is about 40°® to the left of the direction of the storm's motion; while
the upper clouds move fram the same direction as the storm. Within fif-
ty miles of the eye, the motion of many radar elements is in nearly the
same direction as the surface winde 3nd hence nearly along the bands.

The speed profile of radar weather elements is similer in shape to
that of the surface winds, showing the decrease of velocity near the eye
wvhich is characteristic of mature hurricanes. However, comparison of
the velccities of radar echoes in this storm and the known surface winds
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indicates that in the lowest 7,000 feet, winds increase in speed with .
increasing height outeide the ring of maximum surface winds. Nearer the
eye the winds decrease with height. This pattern of vertical wind shear
finds considerable support in recent observationel work of Simpson. It
is suggested that further research may enable the intensity of a hurri-
cane to be determined by radar on & gquantitative basis.

The radar "bright band" asppeare at the melting level in all the
more uniform spiral bands, indiceting that these bands are the results
of convergence and precipitation release through deep layers of the at-
mosphere. The conventional "bright band" with normal decrease in echo
intensity below the melting zone is qualitatively associated with the
lighter rainfail, while the lack of such a decrease in echo intensity is
assocliated with continued growth in and below the melting layer. The
latter feature is characteristic of the more intense spirasl bands.
These deta, when supplemented by drop samples, indicete that the drop
size distributions observed are the results of a cambination of growth
by accretion of cloud and aggregation of raindrops below the melting
level, coupled with continuous creation of drizzle size drops.

Characteristics of the dron size distribution of the hurricane rain
at all observed intensities are in fair agreement with those to be ex-
pected on the basis of Marshall and Palmer's empirical relation. Also,
there is a reasonably good correlation between rader reflectivity and
rain intensity. This suggests the possible use of long wave radar to
monitor the intensity of hurricane rains.

Discrete precipitation echoes move about the "eye" in the same
sense as the surface winds. However, the eye may best be fixed in prac-
tice approximately at the center of spiralling of the bands, which gen-
erally differec considerably from the centers of curvature. On the RHI
scope Edna's eye is seen as an open "V" in the radar echo which leans
toward the northeast; & cirrostratus shield over the eye at 35,000 feet
is connected to the northeastern portion of the wall cloud by a thin
column. A second eye with pressure minimum and complete wind circula-
tion is present for a short time, as are "false" radar ey~=s.

The patb of Edna 1s found to be much more regular than originally
reported; oscillations of the path are no larger than the eye diameter
and may be lees. Analysis of position reporte from various sources in-
dicates that when an aircraft is within radar range, errors of position
may be reduced to a minimum if reporte are based on cooperative esti-
mates of both aircraft and radar observers.

Land stations west of Edna's eye experienced highest winds during
the storm after the times of lowest pressure. The unusual sudden in-
crease of winds to high values has been tentatively associated with
widespread air accelerations accompanying initial conditions of extreme
imbalance between the winds and the pressure gradient.

iv




The reader with limited time for study is referred to Bections 8, 9
and especially the sumary of Section 10. 1
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HURRICANE EDNA - 1954

1. Introduction

The firsi indications of the formetion of Hurrlcane Edna came on the
night of 5 September in the extreme southwestern Atlantic between Puerto
Rico and the Bahema Islands (Malkin and Holzworth, 1954). Subsequently,
this storm was the second to ravage. the east coast of the United States
within eleven days. Its appesraace on the scene long before vivid im-

: pressiona of the earlier storm, Carol, had begun to subside resulted in .
e high level of preparedness among the populace and keen response toaw :

Wésther Bureau advisories. Carol accelerated suddenly from the Cape

“Hatteras region, where it hed remained nearly stationsry for several .
days, and arrived while New England was not yet fully braced for the.

blow.»With power lines down and men snd standby equipment not fully -

‘orgenized, much radar equipment which could have been used to study the

storm was inoperative. In the case of Edna, however, preparations were

-made well in advence to track the storm, with the fortunate result that ©

great quantities of unigue. radar data were collected.,

The frontispiece illustrates the path cf Edne from the time of first.

‘.détection wuntil it became nearly stationary between Labredor and Green- -

lend, in the manner of many intense storms of high" latitudes. ‘Reder -
photographic data gathered at Scuth Trureo, Msssachusetts, directly over
which the eye passed, are the basis for the bulk of the informatipn -con-
tained in this report. Photographs of the rader scopes were taken frum
this site between 1959 EST 10 September and 1520 EST 11 September and
the positions of Edna at thfae times are indicated on the frontiepiece°

The wealth of rsdsr snd other data has led the- authors to- examine o

many features of this hurricane which had been investigated by more. ccn-_.,.‘:

ventional means in other storms. The authors have attempted. primarily
to describe the hurrlcane features in terms of the observaticnal data -
end relatively little space 1s devoted to theoretical aspects. fince
the radsr deta are of high quelity and similar records .are not likely -
to be obtained often, the results of the studies are presented here in
considerable detail. The inner and outer bands, the eye, the path of
the storm, the wind field, rader tracking and rainfall mechanisms are
all discussed with the aim of providing insight into all of the storm
features for which there is radar information. (In most cases, other
sources have also been utilized.) It is hoped that the informetion con-
tained herein represents an extension of our knowledge of hurricane
struzture and will provide a useful reference for future observaiional
and theoretical studies, as well as a key to radar scope interpretation
during hurricane conditions.



2. Data Used in This Study

The baslis of this study has been the ordinary and special weather
data which were collected during Edna's lifetime, especilslly during the
nineteen hours immediately preceding the passage of the hurricene eye
over Cape Cod. The basic standard to which all else is referred is the
routine syncptic data, i.e. surface c¢bservations snd radiocsonde reports.

Special radiosonde reports from Hanscom Field and surface observations

at Bouth Truro and Chatham, Massachusetts, have been of great value.

- Other dsta gathered st Hanscom Field (which is located partly in Bedford

and partly in Lexington, Messachusetts) incluge the records of three ad-

" Jacent recording rain gauges (weighing, tipping bucket and Budson—Ja.rdi)‘

The very complete Blue Hill Observatery records of Edne have also been

- studied. Figure 2.1 illustrates the loca't .on “of ma.ny of - the places to

which we shs.ll refer in this report. : o

. The radar data were collected at South Truro a.nd Hanscom Field, Ma.s~
sachusetis, and at Montauk Point, New York. At:South Truro, -an FP8-3-

radar with PPI, -and FPS-k and FPS-6 height finding redars were available,' ,

At Bedford, a TPQ-6 cloud base and top radsr and’ 10 cm sesrch redar. were
used; at Montauk the equirment was an’ ¥PB-3 gystem. -The charactéristice

of these radars are listed in TabTe 1. Figure 2.21s 8 key to-the F_Ps-h o

photogra.pha. ' ' , , v ,
~ Two 35 mm time la.pse PPI movies have been availa‘ble s one frcm :Bed-

ford and one from Mentauk, RHI time lapse ssriss and stilis were taken

at South Truro of ithe ¥¥S-4% and FPS-6 scopes. In additiocn, &' x 5 ple- -

" tures of the FPS-3 PPI soope &t Bouth: Truro st aversge intervals of

about five minutes have been availsble. ~The Bouth Truro dats comprige
the best photographic. recerds; the pletures mre sharp and contrasty.
The Bedford and Montauk pictures are of gregt value because they have
been the only tims lapse PPI data aveilable which may bé run through a

—pro,jeetor for motion studies. Generslly, the quality of the latter ple-

tures is not up teo. the s'candards necessary for extensive reproduction’
here, .

A further valusble source of data has been the ingtrumerital and vi.s-"
ual observetions of the crew of the WB-29 which conducted reconnaissance
of the storm on 11 Beptember 1954 between 0600 and 2100 EST.

e
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Table 1. Characteristics of the radsrs contributing dats to this study.

Wave- Pulse Peak
length length Beamwidth Power PRF ‘
Radsar (cm) (Asee) (horiz) (vert) (Kw) (sec™1) Notes
T.Vertically
TPQ-6 .86 1.0 0.29° 0.29° 25 hg2 pointing '
FP8-k 3 2 2.05° 0.735° 200 53  REL only
_Bpeéiél redar o o I
of Project o : S R ) PTI S
,Lincnlq . 10. 1.2 1.7 1t 500 ‘ 1200 MTI* only
FB-6 10 2 34 0.9° ko0  2/0 . REI culy
FPS-3 25 .3 1.3 340 T00on 4o PRI enly
' , : - 18* stch of MTI avail-
2 mitters " @ble

* MIT signifies ”maviqggtgrget'indication."

3. Forerunners of Edna - High (loude and Wearm Bhowers on the Northeaet
Fringe

3.1 Redsr Date

The radar photographic record at South Truro was begun at 1959
EST, 10 Beptember, with photography of the FP8-k (3 cm) RHI scope.
First photos show & tenuoue echo, presumably high cloud and undoubtedly
composed of ice crystals,® with radar base at about 22,000 feet and
about 8,000 feet thick (Fig. 3.1). Subsequent records show that, al-
though breaks are present, this cloud sheet is widely distributed over
the area and the base slopes downward and the cloud thickens to the
southwest, i.e. toward the eye of the storm. This cbservation is con-
sistent with the presence of & nearly satursted lsyer with base at 400 mb
on the Nantucket sounding of 2200 ES8T, Fig. 3.2. Time lapse pictures
represented by the first three of Fig., 3.1 demonstrate that the feature
there marked by an arrow moves with a component fram 220° of approximate-
ly 52 knots. Thie is in very good agreement with the winds reported by
the Nantucket 2200 EST upper-air cbservation. It 1s noteworthy that

* OQOrdinary water clouds are generally not detectable by the FPS-4 and
FPS-6 radars.
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Fago 2010 Clend deck with base at about 22 000 fret as ween by FPS<4 radar at So., Truro, 1&) Sepl. 1054, Range
datice e al mlenvals of Sopantical miles g the fiest 3 peetores, 10 in the last, Azimuth is 220°, and the iudicated
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study of the early portions of the FFS8-3 time lapse record obtained at
Montauk Point likewise indicates a rapid movement from the SW or SSW of
faint and very diffuse echoing messes which are believed to be dense up-
rer clouds and asppear because of the wide vertical beam of the FPS-3.
Their motion from the SW occurs while discrete intense echoes, observ-
able at the same time; move more slowly from the SE. _

At sbout 2200 EST 10 September 1954, the 23 cm (FPS-3) PPI

presentation at South Truro shows nothing significant north of the first
ma.jor rain band of the hurricene, seen &t mbout 100-140 miles to the .
southwest in Fig. 3.3, although the 3 cm RHI data demonstrates that the
vwhole area is blanketed by upper clouds. Shortly thereafter, however, L L
a8 shown by Fig. 3.3, sharply defined cells are observed £0 form.alcng a .
. nearly epst'west line paseing neer Nantucket (180°, 41 miles). By 23000 S
EST they sre Well organized and’ g censpicuous part of -the PPL picture.

The horizortal motions of nine of these cells have been studied, tsing B

PPI phonograpns at five minute 1ntervala, and the results are given in R
Table 2 below.,.“' — Iy . , o

' Table.2. Statistice ccncerning wanm’

L 7;'Direc~--Tim@.of Time . Initial'Beariqg;frcm B fTrura“'”
Speed “tion = Start . Tracked - Range " Azimuth

fell # {knots) (°) (EST) (min) (neut. miles) (°)
1 25 320 12227,- 18 . 75 ‘.",,¢,2h5 , N e
2 17 340 2227 39 30 . 210 S
3 22 320 2233 L3 55 235 - y .
4 b9 355 2336 65 : - 50 260
5 22 b5 2336 ko L5 - 070
6 23 340 2341 100 75 03%0
7 15 000 - 2341 40 75 075
8 22 340 2355 L6 30 345
9 19 345 2355 56 100 065
Average 22 340 50

The average velocity 1s 22 knots toward 340°. This is in ex-
cellent sgreement with the reported Nantucket winds between 3,000 and
9,000 feet (Fig. 3.2). The sverage tracking time of the cells chosen
for study is fifty minutes. For several reasons, this is only a rough
meapure of the lifetime of the average cell. In some cases, tracking
becomes impossible because a cell changes its shape or position discon-
tinuously, making it impossible to know that the same festure is in fact



2346 2356 0016

Fig, 330 Deselopment of warm showers 400 miles ahesd ()fnth(’ eye of Hurricane Fdna, 10711 Seprember 1954,
Times are BT, Note the tapid development of showers st 2207, 40 miles, between 2230 and 2300k, Range marks

e al mitervals of 10 nautical miles.




being followed; in olhers, because of a discontinuity in the sequence of
p.. Wwres; in still others, because the cells disappear. The five-minute
spacing of the pictures makes it impessible to study accurately cells
vhose duration ig less than about fifteen minutes; on the other hand,
those cells selected for tracking and which are observed to sppear and
disappear may exist up to ten minutes lenger than cobserved. The autheors
have tried to take account of these feactors and have subjectlvely esti-
mated that the average cell lifetime in these warm showers is between
thirty and fifty minutes. The variation of velocity measuremeénts from
cell te reld indicates the probeble influence of strong intermittent

velopment components,

' Fortunately, RHI records are -also available at thia time. ‘The
cm tifie: ‘lapse pictures have bheen studied in order to- determine the al-

thaue of the tops of these showers. The data on eleven diacr ';ecpoee

cells using the RHT end the a.zimuth of the bea.m was kept gsaentiany'un.j_

""changed at 220“' the echo heights and the growbh observedieme prcbably

“'whileffive of them peseessed mascimum: tops below the melting le
14,000 £t (eee Fig. 3.2), This is strong evidence that’ these Low: l“vel
f”shewer Mhocn% dcveloped entirely An the water phase.’ S

: Tableii.' Showere observed to paes through the beam of the FPS-L {Azl-
mith, 220°)

i e 3 b ' 5 6
Time of 1st At .first appearance  Time Maximum Horiz. Dim.
Cell appearance Ht of top Ht of midpt. visible Ht observed (miles)*
# (EST) (1006 £+) (1000 £t) (minutes) (1000 ft) g b

merged

1 215k 15 12 w/others - - 3
2 2219 11 8 14 19 h.s 4
3 2221 13 11 6 1% 1.9 2
L P233 11 8.5 4 1L 1.3 1.5
5 2233 10 5 14 16.5 ks &
6 2735 11 7 2 1l 0.6 2
7 20k 3 10 5 10 13 3.2 4
8 2243 12 7 15 22 L8 k4
9 2248 12 10 h 12 1.3 1
10 2256 12 9 18 22 5.7 6
11 2300 11 5 25 2% 7.9 5

* Column 6a givee the dimension perpendicular to tre direction of the
beam as computed from the time visible (see text). Column 6b gives
the maximun dimenczion along the beam, ae observed directly.

10
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'>’height are alss of relatively small horizontal extent, .and thére 1s’a; ;'

The orientation of the beam is such that the cells progress
through it at an angle of about 60°. In fact, the horizontal breadth
of & cell normal to the beam direction, neglecting the complicating ef-
fects of beam width, is given by d = 22 x t x eine 60°, where 22 knots
is the assumed speed of the cells and t 1s the time visible. The dimen-
sions given in Column 6a of Table 3 are based on this equation. Column
6b indicates the meximum breadth of the cells observed in the direction

~ of the beam. The average of Column A is but 0.2 mile greater than that

of Column b, although consideration of beam width effects leads us to
expect & considerably larger difference in the absence of systematic de-

partures from cylindrical shape.* This discrepancy arises in part be- '
cause of the one minute interval between RHI pictures which causes the

.laverage duration of cell observations to be somewhat 1ess than the aver-
, age period Min the beam." ,

While many more cells are visihle on the RHI pictures than are

. .éiven 4n Table 3, these are the only ones which can be observed as dige-

- tinet entities during the intervals when the azimuth was kept unchanged,
. two or more cells often combine in a way that. makes identification difn
'1ficult. R

I ' may be noticed in Table 3 that the cells: which are smAll dn’

definite tendency for the broader storms to reach grester maximum .
heighta. Another interesting fact is that the later cells are, on the
average, lerger thean those at the beginning of the period of study.

' This confirms the PPI observation that the cells increesed in size and

intensity for at least an hour efter they first appesred.

Toward the end of the perlod of RHI observation, several cells
are observed with tops at 22,000 ft; at this and later times, scattered
cumulonimbus ere also present;, as discussed below. The period of RHI
obeervetion 18 less than that on PPI; after 0000 EST the cells are most-
ly north of the station and are no longer seen by the radar beam.directed
toward 220°. At 2300 EST, photographs are availasble at 20° intervals. of
azimuth completely around the horizon. Figure 3.4 illustrates the three
dimensional structure at this time. The mein band of convective cells
runs Just scuth of the station. Except for one large cumulonimbus, the
cells have about the same elevation as those listed in Table 3.

* A pulse length of 2 Mesec rﬁpresenns 8 range resolution very close to
1000 f't; a beam width of 2° represents en azimuthal resolution of
about 5000 't at a range of 25 miles. Thus, & cylinder passing
through the beam at & range of 25 miles will, in theory, sppear about
a mlile greater in dimension across the besm than along it. The FP8-3
PPI photos show the effect as a widening of the azimuthal dimension
of the weather echoes. This is most apparent with the smaller dis-
crete echoes.
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Fig. 3.5. Convective echoes in black as observed by 23 cm radar at So. Truro, and a larﬁe scale weather map of
New kngland, The echo positions and shaﬁea have been derived from photographs taken within 10 minutes of the time
of the map. The similarity of size among the cells within each line suggests that all cells within a line are initiated
al nearly the same time. %"his is indicated also by study of the PPI sequential photographs. The hurricane eye at
this time is located $SW from So, ‘Iruro, about 440 nautical miles,
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It is of interest to note that the passage of the first band of
warm showers at South Truro and at Hanscom Field was associated with
lightning and thunder. t no other time during the remainder of the
storm was electrical activity observed at South Truro. In other hurri-
canes also, lightning has been observed in the outer regions (Dunn, 1951)
and the cellular nature of the outer bands as seen by radar has been
noted (Ligda. 1955). Judging from the radar appearance as well as sur-
face veather effeccts illustrated by Wexler's meteorogrems (1949), the
cuter convective activity is akin to the summer squall lines of temper-
ate latitudes. It is eignificant that thunderstorm activity 1s usually
observed only in the peripheral area of mature storms and not in assso-
ciation with the more continuous type rain nearer the eye, even when the
rain intensity is very great. (Exceptions to the rule are, of course,
gbserved in even casual studies of reports of individual storms.) This

is. one of the indications of the stability of the continuous inner bands».;.'

which will be treated .later. It should be mentioned that the presence
of an overlying ice crystal layer sbove the warm showers has suggested
to some® who have examined the observations that the Lightning nay be
initiated as & discharge between the snow and the warm shower as the top’

of the shower epproaches the upper deck. Alternatively, the heavy rim-
- Ing which occurs in the ilce crystal cloud when its basé 1s penetrsated by

dense supercooled water cloud may provide the charging mechanism respon-
sible for the lightning activity. (There is some suggestion, -although

'} by no means conclusive, that the electrical activity occurs at about the
time that the tops of the low level showers penetrate the upper ice ’

crystal deck.)
3.2 Synoptic Date

The surface weather mep for 0130 EST shows Edne east of Norfolk,
Virginia. Northeasterly flow prevails at low levels over New England,
and southerly flow aloft 1s indicated by the Mt. Washington report and
by upper wind reporte to be discussed. Over the waters southeast of New
England, the flow is southeasterly and tropical maritime air is being
borne by this flow into New England. Light to moderate contihuous rain
and some light showere are reported at southern inland stations; the
Cape Cod and Maine coasstal areas are reporting fog and drizzle. There
is practically no suggestion from these synoptle reports of the convec-
tive echoes displayed by the radar, which are superimposed in part in
Fig. 3.5 on a large scale weather map of New England for 23%28E, 10 Sep-
tember.

The wind record at South T.uro shows & gradusl wind shift from
ENE to SE between 2330 EST 10 September and 00%0 EST 11 September, which
colncides with the passage of the firet main line of cells. The 0111
PPI plcture (see Fig. 3.9) shows that the center of a detached cellular

* Prof. 1. 8. Marshall of McGill University, for one.
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mess is Just south of the Katahdin Hill site (Hanscom Field, Mess.) lo-
cated at 63 miles, %02°. A very brief but heavy shower commenced &t the
latter site at 0107 EST, ended at Qll5, ard 13 probsbly a part of this
reglon of radar return. The tipping bucket record of this shower at
Katahdin H1ll is presented as Fig. 3.6. Note that the total precipita-
tion is only 1.4 mm. Rain fell at a maximm recorded rate of 42 mm per
hour and et 30 mm per hour or more for & minute. As already noted, some
thunder was reported to have occurred st Hanscom Field and South Truro
during the peesage of this shower band, Indicating that thls intense
rain fell from & well developed storm. Indeed, this is indlcated by the
TPQ-6 record made at Reservoir Hill, one mile NW of Katahdin Hill, which
shows this heavy shower in time-height cross section. It is identifi-
eble on the record (Fig. 3.7) as &."V" in the return at 0110 EST.  The
"¥" is ceused by attenusation at the time of greatest rain intemsity.
Perhops the most interesting feature of this portion of the record is
the reversed slope of precipitation columns on. either side of the main.
shower (et O110) and the generally symmetrical appearsnce of the pre-
cipltation structures in this area. Low level inflow and outflow aloft
(at .gbout 15,000 to 20 000 ft) are suggested by the directions of the

“shear.

The Nantucket raob released at 2200 EST of 10 September (Fig.

'2.2), 15 elso of interest. "It indicates that practically saturated con-
-ditione exist from the surface to 790 mb. A temperature inversion exists

from 1019 to 995 mb and sbove this the lapse rate 1s in excess of the
moist adiabatic to the base of a dry layer at 790 mb. Between 995 mh
and 790 mb the condition is, therefore, one of marked instability. Fram

2790 mb to 640 mb the air is convectively unstable. The wind exhibits
‘strong shear conly in the lowest 1000 feet snd again between 20,000 and

25,000 where the wind increases in speed frem 26 to 55 knots and shifts
in direction from 170° to 200°. As already noted, the average drift of
the convectlye echoes toward 340° 1s 1n excellent agreement with the
winds between 3,000 and 9,000 feet. Reference to Table 2 shows that
echoes 1 and 3, which move fram the SE, are also at the greatest range
to the southwest. Interpolation between the Nantucket sounding and the
2345 Hempstead sounding, Fig. 3.8, indicates that the motions of these
two cells are agein ceonsistent with the winds between ebout 3000 and
9000 feet.* The Hempstead end Nantucket wind deta lend further support
to the idea that effective generatlon of the echo is occurring well be-
low the melting level, which is between 13,700 and 13,800 feet.

The Hempstead wind report hes explained & portien of the varia-
tions of observed cell velocities. The Hempstead dew point and tempera-
ture~-height curves for the same time indicate a neutral or somewhsat

* Velocitles of echoes on the PPLl are generally representative of these
levels in which the RHI scope ehows the echoes to be vertical. BSee
Bection 5 for further discussion.
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Fig. 5.9, bvoluiion of the PP pattern, 11 Sept, 1084, as observed at So. Truro by 23 em radur, and as Edna meves
towird the station. Maximumn range of these pictures is 170 nautical miles, Bange marks are spaced 10 naulical miles,
Note the ¢ oavective baedo just north of the station fu the first pictures, which move northward and gradually transform
to rain of more stable Gpes Hands of continuous rain (with some convective lines) are meanwhile moving from the south
as weell as developing focadls aver the stattan, At the time of the last picture, Edna’s eve is located at 300 nauvtical
miles. 205 7,
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Fig, 1,9, kvolution of the PPL pattern, 11 Sept. 1954, as observed at So. Truro by 23 cm radar, and as Fdna moves
toward the station. Maximom range of these pictures is 170 nautical miles, Range marks are spaced 10 nautical miles,
Note the convective Lands just north of the station in the {irst pictures, which move northward and gradually transform
to raie ol more stable tvpey Bands of continuous rain (with « ronvective lines) are meanwhile moving from the south
as well as developing locally over the station, At the time of the last nicture, Kdna's eve is located at 300 nautical
miles, 2057,




stable temperature stratification and this is & reuasonable accompaniment
of the more uniform type of echo observed toward that site (Fig. 3.3).

It is difficult to understand, simply on the basis of the Nan-
tucket and Hempstead wind reporte, why the cells should form in lines or
bands. If the lines are directly related to the vertical wind shear, as
proposed by Kuettner (1955), the relationship must be delicate indeed.

In Fig. 3.5 the convective bands are seen to be nearly parallel to the
surfece winds or iscbars and this relationship seems 1o hold epproximate-
ly for the major banded structures throughout the storm. The FPI records
 (Fig. 3.3) near the time of initisl formetion and the similarity smeng

' the pizes of cells within & line indicate that their initistion is near-
iy Bimul taneous , and that growth ;graceeda more or less uniformly along v
the lines. In view of the above , 1t ‘appesrs more reascnable to ascrive
the line te¢ unknown -dynamics of the hwriaonta.l flow rather ‘qha.n o its
mriatians in the vertiaa.l. co L ;

A last item of interest is the indica.tion of Ta.ble l ’bha.t sev- L
eral convective cells were limited at the, same heigh*t of. 22,@00 :E'eet. :
This observation may be an indication of & ‘barrier to further growth
near that level. The Nantucket sounding indldates that. ebhis ey be ..
strong wind shear between 20,000 and 25,000 fest. HEI plotures. after . .
‘2320 EST, however, show significa.ut penetration of the upper shear layer -
.and formation of large cumulonimbi reaching to &t least 35,000 i'ee't“
Buch g;rowtﬁh may have been occagioned by the naturel seeding of the su-
percooled water in the convective cloud tops by particles frém the upper
ice crystal deck. This process would cause & sudden increase of cloud
top temperature through.release of the, latent heet of fusion, &and pro-- ... ..
vide an accelerating lmpulse for continued growth. It should be zwtieed' S
further that the layer of strong shear also separates the dry zone -of -
the middle troposphere from the molst, nearly neutral layer at Loo mb
gnd sbove, which has been menticned earlier. The formation of the con~. =~
vective cells at very low levels and the fallure of many of them to pen-
etrate through the dry shear layer show thet these cells &re ba.sieally
& low level yhenomenon, only remotely connected to events in the upper.
troposphere.;

The PPI photogrephs give us scme idea of the evolution of the
bands of convective cells after they had moved northwerd, and were not
extensively observed by RHI. Figure 3.9 i1llustrates the progressive
change to stable type rain which occurred. The cells graduslly lose
their sharp outlines, and by QW21 EST when the band 1s iocated about
100 miles to the north, the conversion to more or less stable type rain
is virtually complete, except at the eastern end of the band. It is ap-
parent slso from the figure that the banded structures es well as indi-
vidusl cells lose definition, and there 13 a tendency for merger of in-
itially discrete bands. This conversion mey be attributed to continued
low level convergence which operates to establish a neutral lepse rate.
When this occurs, the precipitation must be more nearly uniform and due

20
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almost entirely to the large scale convergence accompanying the hurri-
cgne.

It is believed that the air passing Nantucket at 2200 EST was
previously even drier sbove the low level inversion, but convectively
unstable. The air mey have sttained such a state by the operation of
subsidence and radiative processes in the middle tropeosphere, and heat
and moisture tranafer from the oceen surface, over & period of dsys.

As large scsle convergence begins, the lowest layers are rendered sstu-
rated and unstable first, because of the great molsture values near the
ocegn surface. Convective overturning and continued large scale con-~
vergence then operaste to incresse the molsture content of the upper
layers. Virgs falling from the upper cloud deck (Fig. 3.1) to the drier
alr beneath ‘may also serve to decresse the stabllity of the middle lay-
ers by evaporative cooling. Transport of heat upward by the low level
convergence and the convective overturning, however, must ultimetely _
stabllize the air. The 2200 EST sounding apparently catches this proc-
ess ‘in the middle of its act. That showers of thls type occurred in-the
Cepe Cod ared in advance of the storm, but not at Hempstead (radar
tographs taken. at Monteuk Peint indicate 1ittle. convertive: activ
shead of the storm over Long Island) appears to be related simply'to

v

the different 8ir mﬂss types present at the two. lOGations.“fIn & _aense j'

theén, this occurrence may be viewéd as a synoptic accidsntg_thcugh Lhe -
flow pattern about & storm ip middle and high latitudes must be instru--
mental in drawing air of characteristically different properties into
specific regions. ,

L. Banded Structures Observed in Hurricane Edna

The radar photographs of "Edne," like these of other hurricanes, in-
dicate that the precipitetion area is comprised mainly of banded struc-
tures. However, it is found that stebility, moisture, vertical wind
shear and other meteorological parameters vary irregularly over the
reiny region. It is difficult, therefore, to relate banded structures
to these parameters. Varilations in the internsl structure of the bands
also occur, as is shown below; 1t appears that many of the patterns are
gimilar malnly with respect to theilr bandediess, and otherwise bear 1it-
tle resemblance. This section deals primarily with the observations in
the hope that others.msy be stimulated to seek eappropriate hydro- and
thermodynsmic explanations.

k.1 Outer Bands

The characteristics of the outermeost hurricane bands ere re-

viewed only brilefly here, In view of the treatment in the preceding sec-

tlon on warm showers. First evidences of these structuresg are observed

nesr Nantucket at 2200 EST. Approximately 20 dots about one mile in di-

ameter eppear nearly simultaneously in a region 50 miles long and 10
miles wide. Like most of the bands to be discussed later in this
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section, their orientation approximates that of the surface isobars or
surface winds. Within tweaty minutes many of these grow to a diameter
of five miles. At nearly the same time, a second line of showers ap-
pears to form over Cape Cod proper, but is masked by general scope sat-
uration at rclose ranges. As noted in Section 3, the average motion of
individual celle in the bands is 22 knots from 160°, in excellent accord
with the Nantucket winds between 3,000 and 9,000 feet. The celles form
in a convectively unstable layer in which there is only very slight wind
shear. As large scale rising motion and horizontal convergence and
smaller scele overturning continue, the air is rendered less unstable
and the cells gradually merge and form & nearly continuous precipitation
area. . Some low level convergence is indicated by the South Truro obser-
vations, the wind being light southerly from 1430 to 1830, light NE from
1900 te 2330, and SE after passage of the wmeirn band. Boston, at the
western extremity of the band, and Nantucket, near the band when'it is
first observed to form, report no such wind shifts. The wind at Boston
is NE to NNE from 2400 of the tenth to 0330E of the eleventh, while that
at Nantucket is SE or SS5E at these times and also earlier, rrom EEO@E of
the tenth when the band first appears. .

It appears, therefore, that the initial trigger for the main _
band of warm convective showers is & line of convergence parallel to the .

surface winds or isobars. While the individual showers move.with_the,";jy
‘winds from 3,000 to 9,000 feet, they remain in this line. Further, the

absence of noticesble tendency for new development ahead of the band
suggests that the 1ine of convergence progresces with the showers. The
duration of precipitation for & period over four hours alseo indicates
that the line of convergence is a persistent feature.  There 1s s sug-
gestion that a convergent region developed or spread with an eastward
component, for new convective cells are seen in Fig. 3.9 to be initiated

‘east of the main precipitation area.

2 The reader is referred teo the figures of the preceding section
on warm showers for illustrations of these bands and the wind field ac-
companying them.

The secend banded structure developed swiftly, as portrayed in
Fig. 4.1. Almost perfectly straight rows of echoes sbout one mile in
diemeter appear oriented along 260° - 80°. At times, the orientations
appear to vary slightly. Individual rows are often staggered, their
ends lying parallel to one another and at a separation of about eight
miles, although this distance varies between five and twelve miles.
Surface winds at this time are generally ENE to NE in the ares of these
bands; therefore, the surface winds blow from a direction counterclock-
wise te the eastern ends of the bands. This is illustrated by Fig. L.2.

Figure 4.3 is the Hempstead racsb for OLOO EST, 11 September,

approximately one-half hour before the first of these bands was observed
from South Truro and fifty miles WSW frem the point of their appearance.
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" cles comprising the upper deck grow as large scale. convergence preceeds'

- of the middle troposphure and a more rapid descent of the upper mass.

Portions of the Montauk Point radar record (not reproduced here) show
that stable type precipitation is present in the Hempstead ares at the
time of the sounding with these fine bhands somewhat to the east. Sub-
sequently, these fine lines gppear still further to the east, and this
tendency for filling in the space between two major precipitation belts
is also evident in Fig. 4.1. The sounding indicates steble (nearly neu-
tral) conditions from the surface to 750 mb and slightly unstable strat-
ification above the marked inversion at 750 mb to 700 mb, the highest
point reached by this ascent in heavy rain. The wind veers with in-
creasing height from NE to SSE and has & maxlimum speed at 3000'. RHI
pictures indicate that two precipitation types comprise the echo pat-
terns shown in Figs. 4.1 and 4.2. The cellular lines are undoubtedly
low level, while the more continuous fuzzy echo in which the cells seem.

 embedded has its origin in the middle troposphere. . Such overlapping Qf;f,{;*:

two distinctly different types of precipitation eclhioes is -due. 'to -the R
wide verticel beam of the FPS- 3 radar (See pictures ll«lh of Fi‘s.riéM'
10.1 and 10.3.) . . B :

It may be hypothpsized that thﬂ air is ariginally aamewhat m're i
unsteble than is indicated by the Hempstead sounding (Fig. 4.3), Parti-

this explains the increasing echo received from the. Apper layer ‘and. tha
lowering of 1ts base. Bimultaneously, the low level warm showers are
initisted.  These serve as an additional mechanism leading to saturatianvf

Pinally, the air is stabilized aé in the case of the warm showers previ-

) o4 N Uy ]

- ously d:iscuesea, and a nea.r_l.y uniform precipilation _p&.uuv::;u is obser vaa.

Except for the smaller. size and closer spacing of the cells, it does ap-_-»
pear that much of the preécipitation cbeerved here is quité similar to
the werm showers observed earlier. While RHI pictures (¥igs. 10.1 and
10.3) suggest that advection of the precipitation from the SE may play
some role in the spparent lowering of the upper echo masses séen at 220°,
the PPI pirtures indicste that area-wise, development rather than advec-
tion is the primary factor. Of partlcular interest is the suggestion
that the outbreak of precipitetion in the space between the bands in
this case spreads eastward approximately parallel to the surface iscbars.
The veloclty of spread can only be estimated, but 100 to 150 knots seems
to agree with the observations. A similar, but less spectacular, devel-
opment to the east was noted in the outermsst band. Attempts should be
made to corroborate these observations in other storms, since they may
provide a clue to the hurricane dynemics. Figure 4.4 illustrates the
three dimensional structure of precipitation and heavy cloud as seen by
the FPS-6 radar from South Truro shortly after the last PPI photo of
Fig. 4,1, The lowering of upper echo masses described in the text above

is complete to the south; however, the onset of precipitation from aloft
is indicated at 120°.
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4.2 Inner Bands

More er less homogeneous bands are most prevalent within about
150 miles of the eye. Figure L.5 illustrates such a structure about 70
miles NNE of Edna's eye. Examination of PPl time-lapse film indicates
that the motions of a few small precipitation areas in this location
relative to the eye (not deduced from these pictures, however, but from
others at different times) are toward 310° at about 60-65 knots (see
Section 5). However, Fig. 4.5 shows that the band area moves toward the
NNE at 50 or 60 knots. The South Truro PPl photographs in this case are
not spaced closely enough in time tc allow pesitive identiflcatien of
the same elements in successive pictures. However, careful examination
of the original films suggests the folleowing explanation of this appar-
ent discrepancy. First, the band ares 1s undergoing constant develop-
ment along its eastern end, giving the impression that its motion has
ah eastward component. Also, development along the northern edge of the
precipitation region gives an exaggerated first impression of the speed
of northward motion. Thus, the dévelopment componente account for part
of the discrepancy. Secondly, it is belleved that the motion toward
310° in this location is probably representative of imbedded convective
cells, ‘the generation of which is similar to that of the warm showers

‘-discussed esrlier. - The elements within the more or less homogeneous

bande under: discussion here are of a different origin, and should not

be expected t6 move in the same direction as the convective cells. This

is amplified belowo.

Figure 4.6 containe selections from the RHI record associated

with Fig. h,S.f Note the striking sppearance and persistence of the

- bright band first seen between 80 and 90 ne. mi. on the 1010 photo. In

the lest frames, especlally, convective cells slso appear. These appear
gsimiler in their generstion to the werm showers and should move with the
winds below the melting level; here toward 310°. Therefore, it is not
surprising that the motions reported in Section 5 should reflect those
of the more convective elements, since these are usually easier to fol-
low, and the quality of the film used in deriving most of the velocities
allows little choice. On the other hand, the rain associated with the
bright band is generated alof't and moves with the upper winds. Indeed,
careful scrutiny of the original South Truro film suggests that such
discrete, though 111 defined, elements as exist in the nearly homogene-
ous area move toward 350°. While we shall discuss the significance of
these bright band observations in greater detail below, it may be noted
here that the persistence of the bright band implies that: (1) some of
the bands on the FPI scope already exist aloft in the earlier stages of
senow formation; (2) vertical velocities st the 0°C level in these re-
gions cannot exceed a value of about 1 m/sec which would prevent dry
snow from falling out of the upper lsyers.

The rsobes so far presented in this report streongly indicate a
turning of the winds with height in the manner suggested above (see
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Figs 3.2 and 3 8) The veering of the wind with heighi may be sssoc)-
atoed 1n many cases with outflow aloft from the hurricane vortex and in-
creased wind components away from the eye at the upper levels. This is
a necessary adjunct to the large scale low level convergence and rising
motion accompanying the widespread precipitation. These outward compo-
nents in the vicinity of the eye are shown by Jordan [19)2) to be most
pronounced in the gector immediately ahead of the storm,in accerd with
what we have found here for Edna. In future radar hurricane studies,
careful programing of observations may lead to a more accurate desecrip-
‘tion of the wind distribution with height in the precipitation area near
the eye,where all types of more conventional observational Lechnlques
suffer seriously from adverse weather conditions.

Paobs taken at sbout the same time aa the photographs of Figs

L,5 and 4 6 are given in Figs. 4.7 and 4.8. Note that the Bedford
sounding about 50 miles north of the downwind end of the precipitation
region indicated by the 1040 EST PPI picture shows very little change
of wind direction with nelght above a thin surface layer. The sounding
lerminates nwar the melting level, probably because of balloon ijcing
"The humidlty measurements are obviously in error ot upper levels. The
vind direction of 110°, between 8,000 and 14,000 feet. is within 20° of
the direction of radar weather elements in this location relative to
the eye, as reported in Section 5. 1In view of the above analysis, wve
must assume that the wind veers at levels higher tban those reached by
this- ascent .’ The Nantucket sounding of 1023 EST (Fig. 4.8) taken at the
upwind end of the reglon indicated in the 1028 picture confirms the al-
most neutral stratification for saturated conditione glven by the Bed-
Tord sounding. The same error in humidity measurements is present and
thic may be duc to a washing of the lithium chloride from the humidity
clemeat by rain. (The occurrence of these errors has been noted by

To. ”(? and Jordan (19%4) and has been commented on briefly by Middleton
{Loky) )

4.% Banded Structures in General

Figures 4.9 and 4.10 are intended primerily to illustrate the
relationships between the band directions and those of the surface winds
and isobars The isobars and wind end band directions are most nearly
parallel at the upwind ends of the bands, if some intense convective
echoes in the eastern semicircle of the storm be excluded from corsider-
ation. Parallelism is poor in the northern outskirts of the storm, 1il-
lustrated by the northern half of the 0730 plcture, where light winds
make a large angle with bands and isobare  Downwind along the bands,
both bands and winds tend to spiral in toward the eye, with the winds
showing the greater incurvature The bands are therefore oriented be-
lLween wind and Isobar directions at thelr downwind ends. {(The wind and
pregsure fields of Edna are discussed in Section 9.) It ig of interest
that the N-S elongation of ihe hurricane circulation, 83 given by the
changing distribution of surface winds and isobars as Edna approaches
Cape Cod, Is in some measure reflected by the chanpging band orientation
depicted in Fig U4.10. The N-S band elermntion shown at 1LZ3E, Tip
. 10; may be related to a similar extension of the surface isobars which




‘ 1229 EST. 1433 EST

“ig. 4.10. Relationships of winds, —<obars, and banded radar atioctine s ax oeseced frone Soo bees For further
explanation, see Fig. 4.9, Note the changed size of the 965 mb 1sobar between 120U and 1433, Between these Uimes
the central pressure changed only o millibas or two, For discussion of the erass ssobur wind coamponente ilhostrated
at 1433, see Sectjon O .\Emtin;u'n ranpe of the first three pictures 3 170 na emiles, that of the last - 300
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commenced about an hour earlier, snd is shown to better advantage by the
123CE synoptic chart, Fig. 10.1. Sharp edged and small echoes of con-
vective origin frequently have their long aves at a large angle to the
surface wind direction and, as suggested above, these are most commonly
observed in the northeastern quadrant of the hurricane. It appears to be
generally true that both winds and bands spiral inward towsrd the hurri-
cane eye, with the winds displaying somewhat greater incurvature.

It is also of interest to examine in Figs. 4.9 and 4.10 and
elsewhere, the detailed structure of the bands. It will he remembered
that the outermost bands are lines of convective cells. Nearer the sye
rain falls generally, but evidence of cellular structure appzar within
the long banded concentrations of heavy rain. Within 200 miles of the
eye, cellular structures no longer predominate, although they still oc-
cur; most of the rain is contained in relatively diffuse bands ranging
in width from 5 to 30 miles. It is noticeable too that the bands at
great ranges from tha radar appear wider than those which arc close.
This is believed due to an actual widening of the major bands with in-
creasing height, associated in turn with high level divergence. This is
consistent with the thecry that the major bands are loci of intensified
~low level convergence and high level divergence, other evidence for
which ‘has been obtained by Simpson (1954). Incidentally, only little
direct evidence concerning intensified loiw level convergence in the vi-
cinity of bands has been obtained in this study from the reported.sur-
face winds, since the distances between reporting stations ars large
compared to the band widths.

» - One of the interesting features of the nearly homogeneous band-'
ad structures is a small scale graininess and filamentary structure.’
These structures are apparent only in some of the photographs. Their
detectability is a funetion of the radar settings as well as their actu-
al physical presence. These small scale structures, a typical dimension
of which may be taken as 1/2 mile (altnough the filaments at times ap-
near several miles long) can be associated with short period fluctuations
of the precipitation rate at the ground, as revealed by the rate
of rainfall record taken at ¥atahdin Hill, Figs. 4.11 and 4,12, The
second of these figures is particularly interesting because it 1llus-
trates the records of two independent gauges, which were situated ten
feet apart when the records were made. (See Section 7 for further dis-
cussion of rain gauge details.) The yeneral similarity of the traces
during the heavy showers (and at other times as well) is evidence that
ite fInctrations are real. The fluctuations, which have periods as
short as 1/2 winute throughont the time of heavy rain, are sugrestive of
an intermediate scale of cell or turbvlent structure within the bands
vhich arrees qualitstively with the praininess observations., A period
of 1/2 minwte st the gpround corresponds to a length of 1/2 mile with an
uprer wind of 60 knots; these figures are in reasonable accord with the
,noﬁtuc obeervatione and the ohserved speeds of weather radar elements
Tection £). Ve thus come to picture some of the rai- bande within 15C
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EDNA RAIN AT KATAHOIN HILL,LEXINGTON,MASS. AS DETERMINED
FROM TIPPING BUCKET RECORD
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Fig. 4,11, Edna rate-of-rainfall record, determined from a Friez tipping bucket gauge located at Katahdin Hill, Mass.
(Hanscom Field), The rate of rainfall is given by the time interval between successive tips, which are individualiy
registered by an Esterline Angus recorder. The intensities reproduced here have been computed from each tip prior to
1000 EST; at later times only the total number of tips each minute are considered, thus the average rate during each minute,
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MICROSTRUCTURE OF EONA SHOWERS AS RECORDED A7 KATAHDIN HILL,
LEXINGTON, MASS. BY HUDSON -JARD! RAIN GAUGE. I SFPTEMBER 1954

FI{F. 4.12. Compurison of records ofTigpingBucket and Hudson-Jardi type rain guages, 11 Sept. 1954, Katahdin
Hill, Mass. The two gauges are situated about 10 feet apart, The collector of the tipping bucket gauge is round
and 19 in. in diameter; that of the Hudson-Jardi is square and 6 feet on a side. The records of the ?auges are made
on the same sheet of paper. The H-J record is a continuous line; that of the T-B is a succession of tick marks,
each of which denote 1/10 mm or rain. In the last shower shown above, the H-] registers its maximum recordable
rate for a brief period,
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miles of the eye as consisting of ensembles of small cells or filaments.
The width and breadth of a bend are both large compared to a typical
cell dimeneion, although some filamentary structures extend for consid-
erable lengths along the bands.

The relatively uniform and very light, but graduslly increas-
ing, precipitation at Katahdin H1il between the hours of 0200E and 050CE
is suggestive of a descent of particles which are first created in the
mein rein area of the hurricane and carried shead of it by strong upper
winds. Ice crystals, descernding from such an advected upper cloud and
melting, may grow by accretion in the lower clouds. An ice particle
with & fall velocity of 2 ft/sec, carried forward at a speed of 60 knots,
would travel sbout 100 miles while falling 10,000 feet. (These figures
are applicable, of course, only above the melting level; other mechsa-
niems are probably also of importance in determining the nature of 'the
first rain. See Section 6.) It must be recognized that the high ice
crystal clouds in advance of the storm need not arise by ejection from
the maln precipitation-area, but can also form as a result of ascending
currents at their high levels; the operation of the two ‘processes cannot
usually be distinguished by means of radar alone.,: , :

In the region of heaviest rain, the. background precipitation ,
rate &f one to two inches per hour. impliee the presence 61 updrafts in
the middle tréposphere of one to two meters per second (see Section’ 6).
Thus, many smaller particles could oonceivably be carried to high levels
end be ewept ahead of the storm Ly the diverging flow aloft. As noted
above, the centers of the bands very probably mark precipitation and up-

draft meximé; in the aurees between them the falling precipitetion,is. -

tributed in part to particles cefried away from the band tops by @iver-
gence and in part to condensatien within the weaker updrefts surrounding
the main bands. In many cases the ares immediately shead of & rain band,
ag shown by radar, 1s aszsoclated wilth a diminution of cloud end precipi-~
tation. This is attributed to & downdraft and regilon of low level .di-
vergence which compensates the intense convergence of the band. These
phenomena are illustrated in Figs. 3.1, 3.k, 10.1 and 10.3.

Yet another example of flie structure is indicated by Fig. 4.13.
llere we have the "band within & band" structure at its best. One is re-
minded of Simpson's visual observation (1954) of the fine structure of
spiral rgin bands which "revesled a series of billow type striations of
small cloude oriented about L5° to the line of the gpiral band.”" It ap-
pears, however, that those in the attached figure cover g largsr area
than could be sdequately surveyed visually; furthermore, since they are
linbedded in precipitation they cannot be readily observed by visual
means alone. 1t may be noted that the erientation of these internal
stristions is almost perfectly parallel to the surface isobars (see
Fig. L.10). Their character and orientation suggest that ihey may rep-
resent. regilons of low level cloudinesg in which the raindrops grew and
tnelr reflectivity ig enhanced.




A final characteristic of the inner rein bands is the presence
of comparstively great convective activity at their upwind ends. (Note,
for exsmple, Figs. 4.9 and 4 10.) If the air flewing into these bands
is iritielly convectively unstable, then the rising motion will set off
convective cells which decay as the air is rendered of neutral stratifi-
cation by eoverturning and by the continued large scale ascent. Downwind
along the bands, the precipitation would then become more continuous, as

is observed.
4.} 8Some Further Remarks on the Origin of the Bands

‘Ligda (1955) has aslso noted the convective nature of the outer
bands and the relatively smooth structure of the inner ones, and has
speculsted that the inner and outer bands owe their development to 4dif-.
ferent processes. He aspociates the outer bands with a type of squall .
line phenomenon. The inner, less convective spirals are: attributed by.-
him to the low level growth in spiral stratocumulus roll clouds of wide-
spread continuous rain, which is supposed to have its origin at upper

levels. While not denying the importance of such low level elouds, the - -

present authors incline to atiribute Both band formaetions to the same
dynamic’ (unknown) mechenism. Since inner hurricsne bands are often de-

tected at great distances, e g. 150 miles, they assuredly exist aloft in’

many caseg* #nd do not derive their basic structure entirely from iow
level growth. Indeed, Fig. 4.6, showing the bright band eon RHI, offers
direct evidence of the existence of a banded orderiiness in the snow
brior to its fall lnto the lower levels. Also, in this cege there ig
little or no low level growth, indicating thet the corresponding band
(Fig. 4.5) must have obtained its form in the upper levels. It is be~
lieved that structures such as that of Fig. 4.6 are frequently well de-
fined sloft, but the precipitation is so spread by wind shear between
the layer of ite genexation and the ground thet it appearg diffuse in.

nost caseg on the PFI

On the other hand, we have shown in Section 3 that the outer
convective bands originate in the low levels, but retain banded struc-
ture even as they change their character to a more stable type (e.g.
Pigs 3.3, 3 h and % 9). Tn view of this kind of evidence, it seems
very likely that the banded rains occur because the horizontal distribu-
tions of canvergence and ascending motion, which give rise to the rain,
are themselveg banded. Whether the rain at cne plsce is stratiform or
convective, light or heavy, depends on the stability of the air masses
lnvolved and the intensity of the convergence bands, other factors being
equal  The presence or absence of low level growth is deperndent on ad-
vection into the rainy region of clouds formed elsewhere and on the

*  Under standard conditions of propagation. closely spproximated in
hurricenes, the minimum height of a radar gignal at s range of 150
statute miles from a ground station is 12,000 feet.
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Fig. 4.13, Banded structure of Hurricane Edna, 11 Sept. 1954, 1334 EST, as seen from So. Truro gv 23 c¢m radar,
Note the *‘hands within bands®’ structure enclosed within the rectangle, and the WB 29 aircralt at 2107, 45 miles.

Maximum range depicted in this picture is 100 nautical miles.




presence of low level convergence and updraft. As ir the case of the

internal striations of Fig. 4.13, we believe that low level stratocumu-

lus rolls sometimes give rise to relatively fine bands and filamentary

structures, by providing the pattern of low level growth and enhancement
of radar signal described by Ligdse.

~ While the guantitative explanstion of the banded structures in
hurricanes and in other westher systems is unknown, they may reflect
1ittle mere than selectively amplified disturbances or the cccurrence in
a circular vortex of structures skin to cloud streets of the tropics, as
suggested by Wexler (1949). In this connection, Abdullah's recent ansl-
ysis (195k4) is also a very interesting approach. Attempts by the present
authors to relate the bands to wind maxima and wind shear, as proposed by
Kuettner (1955), have not led to consistent results.

Understanding of these varied phencmens will p*oceed sléwly B8O

: l:mg as detailed measurements of meteorological elements through large.
regions of the storm atmosphere are lacking. Cereful use of ruder, es-
- peclally systems of high resolution, may prove of considerable aid in

"such & measurement program.

5. Horizontal Velocities and Vertical Shear

5.1 HRorizontal Véiocities

The velocities of meny individual redar weather elements have
been determined, using PPI pictures teken at Henscom Fleld and South
Truro, Massachusetts, and Montauk, Long Island; and the locetions of in-
&ividual velocity determinations heve been related to the known posi-
tions of the eye. The Hanscam Field pictures provide date for most of
the measurements to the neorth and west of the eye. ‘The Montauk pictures
provide data for most of tuose to the NNE of the eye, while the South
Truro pictures provide many of those at the mogt easterly compass points.
The number of measurements based on data gathered at the three mtations
ig: Montauk -~ 32, Lexington - 18, South Truro - 34, or a total of 8k4.

In general, 1t has been poseivle to determine speeds and direc-
tions of precipitation elemehte most readily at the upwind ends of the
bands . At the downwind ends, the patierne are so diffuse end the life-
times of discrete elements which are present sre so short that it is
virtually impossible to determine the speed of movement. Although the
hurricane passed east of Montauk, the plctures st that Jocation give
little information on the ve;ocit,qu west of the g¢ye because they were
taken at the rate of one every 2 1/2 minutes. In this interval the ra-
dar weather elements *“ransform so greatly that few can be ldentified as
the same on successive frames. 1In many cases, a directlon of motion,
but not speed, can be determined.

Filgure .1 fllustrates the velocities of radar weather elements

b
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Fig. 5.1, a) Streamlines and isovels (relative to the earth’s surface) of radar weather elements
positioned with reference to the Eye of Zdng. b) Streamlines and isovels of radar weather elements
as related to kidna’s eye, moving toward 30° al a speed of 30 knots. Both diagrams are based on 84
velocity determinations. The motions are believed representative of convective cells which generate
primarily below the melting level.
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based on the quantitative measurements, as a function of position rela-
tive to the eye of the hurricane. The patterns have been smoothed con-
siderably from the original measurements. As explained Iin Section bk,
the velocitics are believed to represent most closely the motions of
convective cells whose substantial generation occurs between 3,000 and
9,000 feet, these discrete cells being the most readily observed on the
photographe. Figure 5.1(a) depicts the motions as directly observed on
the radar scope. When the velocity of the hurricane as a whole is sub-
tracted from the observations ae in Fig. 5.1(b), the motions are seen to
be nesrly tangent to circles moving with the storm and with the eye at
thelr centers. It is noleworthy that the center of rotatien of the ra-
dar echoee coincides, as nearly as can be determined, with the pressure
minimum and center of surface circulatiion, as revealed by alrways re-
ports. This 1s even ¢learer from examination of the time-lapse photos
when these are projected 1like a movie than from study of the limited
quantitetive observetions on individuml cells. In Typhoon Lorna, 195k,
‘1t appears that the surface center of circulation and “the pressure min-
imum were separated hy about 35 mdles, unlike Edna. In the case of

Lorna, the radar center, ms deduced from individusl echo velocities, is_‘r

sbout midway between the surface pressure and wind canters (Hatakpyama,-
et &1,°1955). o Ao

Figure 5. 2 represents the distributiou of spned (relative to
the earth) as & function of distence from the eye and shown for sectors
enst and west of 20° azimuth. Although the scatter among the peints is
great, there is 1ittle doubt that the meximum speed of the echoes is to
we found at abov 125 miles from the eye, Figure 5.2 also shows that .
“the velocitles on the eastérly side of the storm are somewhat higher at
" all ranges then those more nearly ahead of the eye; this tendency is the
same 88 that of the surface winds. It is usual for the stronger winds
to be in'the right semicircle of a hurricane (Dunn, 1951). " Comparisen
of these curves wlth surface winds enables one to deduce the varistion
of wind with. height in the storm. In Fig. 5.3, there is plotted the
aversage of the curves of Fig. 5.2 and the average winde and gusts re-
ported at Nantucket and Bouth Truro. The exposure at both these sites
1s ideal and the winds reported ghould be nearly reprecentative of those
over the open sea. The wind records of the two stations are neurly the
same when referred to the eye except -very near the eye; and the curves,
for the two stations are therefore presented ae one in ‘mngt of the fig-
ure. It may be recalled (frontispiece) that the center of Edne passed
directly over South Trurc, but west of Nantucket. At the time of close-
est approach, Nantucket reported her highest winds.

The most probable representstive low level wind msy be taken
between the reported average winds and the gusts. Pigure 5.% therefore
indizates that oulside of tie zone of maximum surface winds, the winds
increwge with helght. Within 4O milee of the eye the winde appear to
decrease with height. The scatter of the polnts of Fig. 5.2 is such
that in the zone between 4O and 9C miles, and algo within 20 miles of
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the eye, the sign of whe change of windepeed with height is uncertain.
As noted earlier, the radar wind dats are probably most representative
of the winds around 6,000 feet and these comments should, therefore, be
applled to the low 1evels only.

We may compare the latter results with some work of Simpson
(1954). After his reconnaissance of Hurricane Dolly, 1953, Simpson com-
puted the change of pressure gradient force with height in the lowest
7,000 feet and found "that while there was & rapid decay of pressure
gradient force with height immedistely adjecent to the eye, there was
conversely an appreciable increase with height at a radial distance of
60-70 miles froem center to either side of the eye, but not aleng the
line of storm movementi."” (Sixty miles ahesd of the storm, the pressure
gradient force showed a very small incremge with height, while behind in
the rain-free sector, it showed & decrease.) It is also of interest that
the maximuon surface winds in Dolly occurred al radii of about 40 to 60
~miles from the eye, thus placing the zone of pressure gradient increase
with height in about the same relation to the maximun uurfacﬂ winds that
is buggested by this study of Edna.

The absence of warm core gtructure in the low levels is indi-
cated by Simpsen's reconneissance of Typhoon Marge (1953). Here little
. or no change of temperature was recorded slong a track into the eye at
& level of 9,000 feet. olmpson 's most recent work (1955) shows the warm
core structure only immedismlely adjacent to the eye or Edna. lndica-
tions are, therefore, that this pattern of decreasing winds with in-
~ credsging height does not obtain in the low levels of a hurricane rain
" area outside of the radius enclosing the eye and the maximum surface
winds.

Figure 5.4 illustrates the fields of divergence and vorticity
represented by Fig. 5.1. It ls seen that near the eye, especially on
the west side, the computations indicate a sirongly divergent field.

In the outer fringes of the storm, convergence ig indicated at the ef-
fective generating level (for the discrete echoes), believed to be
around 6,000 ft. These results, insofar as they indicele strong diver-
gence, are rather startling and should probably not ve taken seriously
at present.

Accuracy of the original veleocity measurements is not high,
and errors are likely to be compounded in the determination of deriva-
tives (a network of points 20 miles apart is used in computing Fig. 5.4).
Furthermore, we do not definitely know the level to which the diagrams
apply. or evewn if any one level can be associated with the ocbserved ve-
ijocities. It will be interecting to compare Fig. 5.k and the others
with the results of future investigations of individual storms.




¥ HORIZONTAL DIVERGENCE OF THE FLOW OF RADAR WEATHER ELEMENTS
‘ (X 10% 95¢ ) HURRICANE EONA 1984
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time,

Fig. 5.5, This photograph of the FPS$-6 scope was
taken at 0945!‘36 11 Sept. 1954, with the antenna direc-
ted toward 2007, It illustrates sloping precipitation
streamers, the rain of which is initially generated as
snow, The brightest range mark indicates 50 nautical
miles. The relatively sharp upper edge of the echo
from 20 to 40 miles marks the melting level.
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VERTICAL COMPONINY OF VORTICITY OF THE FLOW OF MADAR WEATKER
SLEMENTS - X 10% BKC ¢ HURRICANE EONA 1984

. Fig. 5.4, -Horizodtal divergence and vertical component of vortioity determined from the velocity messurements
depicted in Fig. 5.1, The results apply to the generating level for disorete identifiable showers, presumably -ahout
6,000 feet. In'the computations, these results appear as differences, the magnitudes of which are about the same as
the probable errors inherent in the basic data, The validity of these charts is therefore in considerable doubt at this

Fig. 5.6, Tiis picture of the FPS-6 scope was
taken at 0605F, 11 Sept. 1954, with the antenna point-
ing toward 60 ". Note the relatively great slope of
the nearby echo, as compared to those at 50 nautical
miles (center of photo). The rather extreme difference
illustrated here is probably due in part to real varia-
tions. However, the occutrrence of similar effects on
many other photographs at widely differing azimuths
indicates that the observation is due also to the width
of the radar beam, which produces & gruss averaging
of echoes al great ranges.
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In order te obtain improved velocity data in the future, it is
suggested that: (1) a high guelity time lapse FPI £ilm be ftaken with
intervels not to exceed 1/2 minute; {°) particular cells be selected for
velocity measurements during the stoim and that RHI photographs be made
in the directions of these cells. (The slope of the pattern on the RHI
scope is indicative of the level at which the velocity measurement is
velid. See below.) Of course, optimum velocity measurements -m the PPI
require & narrow vertical beam radsr which does not superimpose the ech-
oes received from & thick layer of precipitation. BSuch measurements
would also be facilitated by constant level PPI presentations. )

5.2 Vertical Shear of the Horizeontel Wind

The vertical shear of the horizontal wind msy be determined
from RHEI pictures with certein assumptions. If perticles of the same.

slze are continuously generated in an element, the slope of the pattern. .

‘on the RHI scope 1is gilven by:

ax _ gtz oy
dz Vz _.uZ‘,, e . AL

'where x and z &re horizontal and vertical dieplecements, respectively; -

¥, 1= the velocity of the generator regponsible for the release of the
orecipitation elements (uruslly assumed to he the same sg the wind at
1ts level); W, is the component of the wind velocity at height z in the
direction of motion of the generator; v_ is the particle fall velocity
and u, 18 the velocity of the updraft tﬁrough which the particle 1is
felling (Marshall, 1953 and Atlas, 1955). It is of interest that, with
continuous generation of particles in an element, the psttern formed
moves with the velocity of that generating element. (This is the reason

- for the assumption made in Bection 5.1 that the generating level is that

at which the winds given by the soundinge are the same as the measured
velocities of radar weather elements.)

Two regions of shear are shown in the South Truro RHI pictures.
The firgt i1s illustrated by Fig. 3.k, where numerous streamers may be
noted at heights between 18,000 and 30,000 feet. However, the orienta-
tions along different azimuthe do not appear congistent and the pictures
are not sufficiently detalled to enable accurate measurements of slope
t0 be made.

The second region of noticeable shear is in the lover levels
and 1s lllustrated by Fig. 5.%. The average of some dozen observations
of this type between O60OE and 160OE, 11 Septemter, indicates that the
term (x~xo/z-z ) (2 space average of dx/dz) for streamers between the
melting levekl and the sur?ace, ranges from about 0.6 to 1.0; with the
directlon toward which ihe lower portione of the trails slope indicated
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as betweer 200° and 2L0°. Scope saturstion et close ranges and the
great range-height distortion intreduced by the long horizeontel ranges
used, ceus® the individual measurements to be somewhat uncertaein.

As indicated by Eq. (1), the pattern is vertical vhere w, = W
thus & vertical pattern is expected at the generating level. The photg
grephs show, in general, that in the widespread continuous rain the pat-
terns are not vertical at or below the melting level, but somewhat above
1t, Just how far above is not known, since modt of the photogrephs =~
which show snow at all demonstrate a rather complex structure of nearly
vertical streamers which do not lend themselves to asccurate slope meag-
urements. The extreme range-height distortion of the Edna RHI pilctures
also makes precise measurement difficult. '

It is interesting to consider the upper wind observatione with-
in the storm ares in connection with the observed precipitation traills. .
The Reservolr Hill (Hanscom Field) sounding of OQ0CE, 11 September,
given in Table L beloew, ie like most others in the main storm area in
that there are no reports from above the melting level. However, the

_.reported. low level wind velocities can be associated with the observed

low level trall directions if the winds at the generating level are from
the southwest and hdve scmewhat greater speeds then those in the low .
levels. The vector differences of the low level and generating level -
winds would then be about parallel to the direction of the low: level
trails. Arguments similar to these apply, in consideration of the other.
upper wind reports available. It may be noted that the veering of the -
wind with height deduced here is similar to the result obtained in Sec-
tion 4 by consideration of the motion of a diffuse band (Fig. 4.5).

Mable 4. Winds reported from Reservoir Hill, 0900 EST, 11 September 1954

Height Wind . Wind
(feet) Direction (®) Speed (knots)
sfc 060 1%
1500 050 13
3180 130 36
4800 150 29
6260 150 iy}
7950 150 L3
9580 150 L6
11100 150 Ll
12900 150 60

L7
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With regard to the warm showers at the fringes of the storm,
Fig. 3.4 gives 1little evidence of shear in the shower columns. This is
in accord with the small shear indicated by the Nantucket ascent of
10 September, 2200 EST, in the low lewvels and with the intense convec-
tive nature of the motions within the showers.

An interesting effect may be noted in Fig. 5.6, where the shear
appears most pronounced &t close rangss. While this may in part reflect
real variations of the slope of shower columns, similar observations at
different aszimuths and times suggest that the variation of slope 1s
largely epparent and due to effects of radar besm wldth., By way of ex-
planstion, we may note that st close ranges the beam is narrow and only
small cross sectlons of the target are averaged to produce the raedar
picture. At 50 miler, however, the 1° vertical bésdm of the FP8«6 is
nearly a nlle wide. A large crose section then intercepts tle beam and
the radar scope pleture st any point reflects the averaging of great.

“portions of the echo. The 3.4° azimuthel beam width of the FPS~6 ef-
fects even more important reduction of resolution at great renges.” A

slop!ng column -at gregt range will thus appear more nearly verttcal -than -

one near at hand and will show'less datailed structure..

: The conclusions above, with regard.to wind shesr, are in rea-
sonable agreement with knowledge derived from other lines of ‘evidence.

Also, 1t is evident that generating theory provides e potentially power-

ful tool for the study of detailed wind structure in rain areas. How-
ever, various &specte of the theory require turther study, particularly
with regard to the exact mechenisms by which the tralls are generated,
if 1t is to be used with confidence 1n the future. Further studies of
Livis kind can be facilitated by having pictures at various gains. The
radar RHL scope should also be adjusted for short ranges so that inves-
tigation of nearby showers may be made under conditlons of relstively
high resolution and minimum range-height distortion.

6. Notes on the Growth Mechanisms of Hurricene Rain

The heavy reinfall rates and very high melting level of Burricane
Edua meke the snslysis of its rain of specilsl interest. However, data
suitable for a comprehensive analysis of the rainfall in terms of the
growth mechanisms involved sre not availsble; the following is, there-
fore, intended only as & brief introduction to whet appears to be & fas-
cinating and important subJect.

At Katahdin Hill, Lexington, Massachusetts, near the center of the
path of maximum Edns rain, drop size samples were collected using the
fllter paper technique. Some of the results are presented in Table 5.
The Hudson-Jardi gage listed in Table 5 operates on a Tloat and expand-
ing orifice principle and has been constructed according to British and
buerican deelgns. (For one discussion see Rossman, 1949.) The collec-
tor of this gage irs slx feet square snd the instrument has a time

L8
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Fig. 6.1, Drop size distribations of raindrop samples collected on 11 Sept, 1954, Rainfall rate, K, is in mn hr.

Ordinates represent the numbers of dro
Solid sloping lines are based on the re

15 per cubic meter per 0.2 mm size range; abscissae are diameters in .
ation of Marshall and Palmer for the indicated rainfall intensities,

The

“hump'’ described in the text is seen to be characterisiic of all the samples except 1, 4, and 8. Note alau the rela-
tively large numbers of the smallest drops.
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constant of about seven seconds. The tipping bucket instrument with
special 19" diameter circular collector is otherwise the standard Friez

gage.

Differences among the rainfall .ate measurements listed in Table 5
m&y be attributed in part to large percentage errors in the exposure
time of the filter peper during high wind and heavy rain; the time lags
of the gages are also of importance during rapidly fluctuating rainfall
rates. In view of the other possible sources of error ag discussed dy
Middleton (1941), it is gratifylng that the agreement is as good as in-
dicated in the table.

Figure 6.1 presents the “D vea. D curves for esch of the nine distri-
butions, where ND is the mmber of drops per unit volume per 0.2 m
range of dlameter and D is the dlmmeter. Drop size distribution param-
eters, with the exception of those derived frem Sample #1, are plotted
in Fig. 6.2. In both Figs. 6.1 and 6.2 are plotted standard curves
based on Ma.rshall a.nd PaJﬁer 8 (hereafter M-P) relation (Marshall and
Palmer, 1948) N e- where Ny 1s 0.08 em~* for any intensity of
rainfall and N o B R"O .21, ynere R 15 in mm hr-l, N is in co"l and D
is in cm. For further reference, Fig. 2 of M-P's paper 1s reproduced
Here as Fig. 6.3. o

Proceeding firgt to a discussion of Sanmple #1, it is seen 1in Fig.
6.1 that there aremore small drops and fewer lerge drops than are glven
by the M-P curve for the same precipitation intensity. When this sample
is porirayed on & plot of N, ve. D/D or the equivalent Np ve. AD*, all
points fall shboyve this M-P curve. It has been found by Donaldson (1955 ) -
that this is typlcal of drizzle samples. Quantitative date concerning
drop eize distribution in Hawaiian rains have been presented by Blanchard
(1952). Compsrison between Semple #1 and five of Blanchard's samples
renging in intensity frem 0.061 to 0.12 mm/hr (of these, four were taken
within a dissipating orographic ¢léud and one well within an active oro-
grephic cloud) shows that D, of the Edns ssample 1s considersbly larger
than ell the others. This difference may be attributed in the main to
the larger depth of cloud present when Sanple #1 was taken. The TPQ-6
radar record for this time (Fig. 3.7) shows & solid echo tc 5000 ft. and
some scatiered return to 10,000 ft. The Hawaiisn cloude are limited by
8 temperature inversion characteristic of the trade wind system and
which is at & modal elevation of 6,000 ft. The Edna drizzle and 3lanch-
ard's capes are both evidently &Prived from comlescence processes taking
place entirely below the melting level; but the greater D, of Sample #1
1s made possible by the great depth of cloud through which the accretion
brocese can operate, the rain intensities being spproximsately equal.

* Atlas (1953) hae shown that D, = 3.75/ A\ in & Marshall-Palmer distri-
bution.
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The Np vs. D curves corresponding to the other drop samples (Fig.
6.1) are generally quite similar in shape to the empirical curves of M-P
(Fig. 6.3). The relatively small differences between the M-P theoreti-
cel distribution and Edna semples vary from curve to curve, but in gen-
eral, may be sumarized as follows: At diameters of 0.1 and 0.2 mm
there are more drops in the Edna samples; between 0.5 and 1.5 mm there
cre fewer in the Edns samples; above 2 mm there are more &rops; sbove
3 mm there are sometimes more and sometimes less. It should be noted
that the 0.1 mm drops were counted by neither M-P nor laws and Parsons
(1948) whose experimental curves are also given in Fig. 6.3. It may
also be noted that at diemeters less than 1.5 mm both the Edna samples
and the observations of Fig. 6.3 contain fewer drops than given by the
distribution function. This deficit is striking in the Edne samples and
gives rise to & hump in the individual curves between 1 and 2 mm. This
also appears in some dozen other drop samples wf rain heavier than -
10 mm/hr, which were taken at random from the authors‘ files. It is’
Probsble that the hump is cheracteristic of other rains too, since such s
feature isg suggested by the observational curves of Fig 6.3 which are
based on the aversges of many samples, ‘ S

Turning now to the drop distribution parameters of Fig. 6.2, it may
be seen that the Z-R relation is such that evaluation of rainfall’ intﬁ -
sity from radar reflectivity, using the theoretical curve 2 = 296 RL-4T
(derived from the analytical M-P distribution function) is in these
cases always accurate to well within & fsctor of 2.% Hoﬁever, it is
also true that most of the sample Z's are less then those computed from
the ¥-P curve. As noted by Marahall and Palmer, the usual deficit of

‘drope sabout 1 mm in size should make the observed values of M = “:EzND ’

and to a lesser extent that of 2 = E:ND6. smaller then those derived
from the equations. Seme of the deficit may also arise from the inte-
gration to infinite drop size involved in determination of the Z-R rela-
tion from the distribution function. Thig procedure gives too much
weight to large drops vhich do not occur in nature, owing to their aero-
dynamic instability. The conspicuous depurture of theoretical Z's from
the Z's computed in the case of Semples #6 and #8 1s undoubtedly most
closely tied to the deficit of largest drops in these samples (Fig. 6.1)
relative to the number to be expected in the theoreticel distribution
for the same rain intensity. .

Conclusions regarding the variation of rain water content in space M
vith rein intensity R, as shown in Fig. 6.2, are similar in part to those
with regard to Z. However, since larger drops fall fuster and are more
spread out in space, M iends to be larger at any given reinfall rate

* The empirical and more commonly used curve, Z = 200 Rl'6 (Marshall
et al 195%) 1ie also plotted on Fig. 6.2. The locus is nearly the
same as thet of the curve hased on the dietribution function, at
least in the region of intevest.
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v.el the drops comprising that rain ace smaller. Thus, the samples
woign show relatively small Z, owing to scarcity of largest drops, evi-
Sence relatively large M, owing to thie relative abundance of slow fall-
ing smaller drops.

The niost striking feature of the Edna samples is the relatively
large Dy of five of the eight cases. Alsn, there is litile correlation
between D, and R for samples #4 to #8; rather, the D, values tend to
cluster between 2 and 2.6 ma. The relatively very Large D, -of Sample #2
may be a Lrasnsient feature, due to sorting of various 51zes by wind
shear (Atlas and Plank, 1953%). However, the clustering of D, values in
the other samples and their relatively high values suggest the impor-
tance or other factors for the determination of this parameter._ We shall
offer an explanatlon for this behav1or below- :

The data, 1ough sparse,. vary systematically from standard curves
and therefore provide a reasonable subject for study, It is of eddi-
tional interedt to consider the special factors in this case which are -
zesocigted with the observations as a whole, for these might be the
cause of particuler departures from the standard. During Edpa, the -
melting level was near 1L;000 feet. The M~-P observations taken at Otte-

‘wa in summer are assuredly associated on the average with a lower melt-

ing level. Laws and Parsone state that their observations were made -
during 1938 and 1939 at Washington, D. C. While it is evident that, some
of their data were gathered in summer thunderstorms, there were presum-
ably scme winter observations associated with a relatively low melting '
level. We come thue to the conclugion that the Edna observations are
associated with a significanlly higher melting level than was the case,
on the average, with the other observations cited here. This may be im
portant because in Edna's rains, the drops could more readily grow by
aceretion of cloud and aggregation with each other to sizes limited by
their aerodynamic stability. The M-P and Laws and Parsons data probably
bear o stronger imprint of growth in the ice phase and of the breakup of
wet snow aggregates into a reletively large number of small droplets
during melting. This may explain why their average Dy's are less for
equal rain intensities.

Tt may be argued further that in more usuvel widespread tropical
raing, D, should be cven larger for a given rain inbtensity than is sug-
pested hy these smmples; for with light surface winds the absence of in-
tﬂﬂbw small scale turbulence in the low levels would reduce the proba-

2ity of drop breakup. Indeed, the turbulence found at the lower lev-
els during high wiuds may be responsible for the clustering of the Dy's,
as noveqd above. In this regard it is probably significant that the
largest drop recorded in Edna is only 4.3 mm in diameter; in other cases
drop- up to at least 6 mm nave been reported. Numerous observations in
Lropica -~t/p€ rains are necegsary if these argumenis are to be firmly

G"T]’)l" e or denied.
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It 18 of further interest that in all the Edna rain sasmples, large
numbers of very small drops are observed. In the heaviest rain, however,
substantial general updrefts must exist which would tend to hold the
smallest drops aloft. Therefore, we shall attempt to show in what fel-
lows that the numerous smell drops most likely originate below that lev-
el at which the general updraft would prevent their fall.

In order to gain a quantitative notion of the factors at work here,
consider a rainfall which arises as the sum of contributions by conden-
sation at levels from the surface to 200 mb. A linesr distribution of
divergence with pressure, zero at 600 mb, serves to fix the distribution
of vertical velocity and elso determines the amount of the contribution

of each layer. The individual change of preSSure at pressure P is given )

‘ (?1% j ('ax * ’a,y), o ; '(?ﬂ) )

PB

_where P; 1s surface pressure and u and v areé the winds in the x (east~-

ward) and y (nerthward) directionsy respectivsly. The precipitation
rate is given by

P e, /q
UERPI{CERCEE
8 "8 B

wvhere g is the acceleration of gravity and g5 is the saturation specific
humidity. The terms have been tabulated with the aid of the skew T-log P
diagram, and evaluated numerically under the assumption that the atmos-
phere is saturated and haes & temperature at every level glven by the
moist adiabat which intersects 1000 mb at 18°C. Figure 6.4 portrays the
results for divergence at 1000 mb of -10'h sec”™. It is only necessary
to multiply the indiceted updrafts and precipitation contributions by a
factor x/6.8, where 6.8 mm hr-1l is the precipitation correspending to
values of Pig 6.4 and x is the precipitation rate for which infermation
ig desgired.®

* Rough computations of low level convergence, using the reported sur-
face winds, have indicated reasonsble agreement (within s factor of
2) between that which actually occurred and that which is assumed
above to be necessary in order to provide the rainfall amounts ob-
served.,
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1054 - 220° 10583

Fig. /.50 R0 Ps-o) and P ORPS3) pictures taken at So. Trure on 11 Sept 1954, Numbe: s beneath
the hgw e refer oo L ST and the avoouth lewacd which the RHE antenna was directed. The top R picture

¥

demonstrates the transition from <now to rain at the melting level, but rapid low level growth in this case
el 1 caneed the des peaee af ecio intensity usoallv noted below the melting level, The lower RHUI por-

travs o bricht band of o ooacad apprarans e, The nearly constin cohe imtensity betwern the aroend and
bright band Laver v o b v pected with ondv slight growth in the oo devels of partedes fadling from abave,
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1t is found that in rainfall of 25 mm/hour the updrafts at 3000 feet
are about 30 cm/sec, the seme as the fall velocity of 0.1 mm drops.
While turbulence can bring drops which are created aloft to the greund,
we would not expect large numbers of small drops in every sample if this
were the conly factor operating. Therefore, we are led to belleve that
in this general heavy rain the smallest drops are continuously created
in the lowest levels (and indeed at every level) just as drizzle is ore-
ated in low lying clouds, and partly as a preoduct of drop breskup near
the ground. Of course, in between the intense rein bends the =mall
drope may fall through week updrafts. This appears to ‘have been the
case in Sammle #1 of Table 5.

It Bhould be noted that the ahove. arguments do not explain ‘the ori-

gin of' the distributions obserVPd.* They do demonstrate the likely im-

portanée of several: processes long cited as part and parcel of lighter
rains, snd the probsble role of certaln processes in producing distribu-
tions slightly different from those previously observed. TFor now we
must regerd the baslic shape of the drop eize distribution me due to fac-
tors which are guantitatively unknown; the ressonably good f£it- given by
the application of the M-P relatien to tovrnntial raing 18 & fortunate
coincidence. : : v . .

The rader cbservations themselves also provide & key to the rairnfall
méchaniems. Figure 6.5 illustrates two rather different RHI presenta-
tions with corresponding PPl pictures. These RHI's were taken with much
reduced gain** so as to show details near and below the melting level.

The precipitation rates represented by these photographs are un-
known. However, it appears that at 1009, snow from aloft, melting as it
passes below 14,000 feet, gives a sudden rise of reflectivity at that
level. " Just below the melting level apprecisble growth of raindrops
must occur, for there is not the usual sharp decrease of reflectivity
characteristic of a conventionsl bright band.**%. Tt can be seen alseo
that the echo intensity continues to increase downward to the ground;
this must be due almost entirely to accretion of cloud drops by rain and
collision of raindrops with each other. The persistence of such & fea-
ture indicates that thle region of growth must be one in which the cloud
water conlinues Lo be resupplied by fairly intense updrafts.

* For & recent interesting approach to thls problem see Hitschfeld
(1955).

**  The gain of the radar at the time these pictures were taken was re-
duced, but nol precisely calibrated. Thus, the two pictures ney
have been taken with somewhat different receiver gain. |

®#% Thie explanation for the absence of 2 conventional bright band has
been proposed by Atlas (10 5b).
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At 1054, on the other hend, the convermtional bright band avpears
quite strongly at the same ranges st which it is sbsent in the 1009 pic-
ture. (Thug the absence of a bright band in the previous picture can be
due only in small part to beam vidth everaging.) Below the bright band
the echo brightness is gbout constant with height. In this case, there
is good evidence of little or neo growth of the raindrops below the nelt-
ing level. This, in turn, indicates the absence of significant cloudi-
ness and updraft. In both cases, of course, the particles originate s
Enow well ebove the melting level. It appears, therefore, that those
bends evidencing continued growth through and below the melting level
corregpond to hends .of convergence and updraft; other precipitation

areeg, viz. those displaying the conventional bright band structure and

no low level growth, correspond to intervening regions ‘of little or no

low level updraft. The forrer type of band is generslly the intense,

well defined one on the PPL dcepe and 18 commerly aescoclated with the
heavier rain intensities; while the latter type ‘is weaker, more diffuse,
‘and usually corresponds.to the lighter rainfalls. This correspondence
between FPL and RHI charscteristics is actually demonstrated.better by

Fige. 4.5 &nd 4.6 than by Fig. 6.5.

While we have asssociated the bands showing strong low vael growth
with the heavier rainfall rates, there is somé question regarding the
true physicel character of the mest intense rainfell. We sre not cer-
tain, for exsmple, that the heaviest rainfall evidenced any discontinu-
ity of radar reflectlvity at the melting level, .since the heaviest raing
occurred to the northwest of South Truro, while the RHI observetions
were made primarily to ihe southwest. Indeasd, it 1o diffioult to cone
ceive how general rains of the order of 50 mm/hr in intensity could dem-
onstrate such e feature. Previous computations ifificate: that a steady
reinfall of 25 mm/hr at the ground would require an updraft velocity of
approximately 80 cm/sec at 14,000 ft, the mpproximate height of the
melting level. Thus, greater ra1n~a11 rates would be associated with
updraft velocities which would prevent the fall of ordinary snowflékes
into the melting zone. One would assume than that the particles would
form graupel or heil, which couid fall through such intense updrafts.

In the case of graupel, however, the small and gradusl. increase 1in echo
intensity upon melting to rain does not appear to be adequate to explain
the rise observed (quelitatively) at the melting level in the pictures
studied here.®* On the other hand, fast falling wet hail would display
practiecally ne discontinuity in reflectivity at the melting level. If
such hail were present, we would expect to see vertical echo columns ex-
tending through the melting zone in the manne» of ordinary thunderstorms.
In only & few cases (e.g. Fig. 4.6, 1038 EST) can such an echo structure
be discerned, and then not with certainty. Therefore, although it is
felt that the most intense rainfall probably originates as graupel or

—. 2

* The change in reflectivity associeted with the transition from grau-
pel to rain has been treated by Atlas (195%a).
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hail, this cannot be suppurted by the present observations.

The effects of strong updrafts:, which are of common occurrence in
sctive thunderstorms (where the bright band does not appear), are evi-
dent in the photegraphs of Edna's eye (see Fig. 8.5). At 40° azimuth,
the melting level is readily distinguished as the flat top of the echo
mass between 8 and 18 miles range. At 20 to 4O miles, however, the
bright band is faint or absent, since solid particles present in the
very intense updraft of the wall cloud have very high reflectivities end
remain water coated as they are carried aloft. In the 50° picture, the
dissppearance of the bright band as the core of the wall cloud is ap-
proached is spparent. (Other pilctures of the wall cloud, however, show
faint avidence of s diseontinuity in otherwize bright echo.) With the
high vertical velocities’ 1mplied by sustained. rainfall rates -of 2and 3
" inches per hour, & significent smount of snow must be literally tossed
" out of the cloud tops and dispersed in the divergent wind field neces-
sarily present aldoft. This too is indicated in the eye pictures by the
‘echo layer aloft similar to the anvil cloud of a thunderstorm, which is -
connected Lo the wall cloud in & small column and spread ocut in & fan-
like fashion above the eye; it is also suggested by - the . apparent .greater
' widtb of ‘the rain ”ba.nd.e fartherr Trom“the radar site (Section 4).

. In summary, we ncte the following” Drop distributions collected
'during Burricane Edna roughly épproximate the distributions given by the
function of Marshall and Palmer. Departures from this standard are as-
soclated with a hump in the curves between the approximste limits of 0.5
- and. 1,5 mr dlameter. The smallest drops are more plentiful than normal;
" drops between 0.5 esnd 1.5 mm are less plentiful than expected and drops
greater than 2 mm sre generally in excess. Departures from the standard
such ag these are not believed to be uncommeon; but they largely disap-
“pear in the averaging of many observations because the hump is not the
same in location or lntensity for different individual curves. The hmp
gppears to be a noteworthy feature of the individusl observations, which
requires explensiion.

Departures from standard of the Edna samples are manifested collec-
tively as an unugual shundance of drops lsrger than 2 mm and, as & con-
sequence; rather large medisn drop sizes. This is attributed to the
relatlve importance of accretion and aggregation in the Edna rain. The
agreement between the Edna and M-P drop size distributions is suffi-
clently good to perpit the use of the M-P reflectivity-rainfall relae-
tionship Z = 200K ® to estimate hurricane rain intensities from radar
meaguremente withln a factor of 2

The rainfall at variout times and places in Hurricane Edne seems to
have been generuted by practically every known precipitation mechsnism.
Based on the information of this and preceding sectlons, these may dbe
summarized as followe:

L0
O




:f]:v'-'
At

Ba
b
.
4]
o
W
S
RS
A
3

(1) Well in sdvance of the eye (&t abdut 450 miles) precipitetion
is initisted en%tirely in the form of water in discrete convective cells
oriented in bands (see Section 3). These cells grow and penetrate the
0°C level at 14,000 £t and then develop into cumulonimbus at sbout the
time thet they penetrste the hase of an overlying ice crystal deck at
20,000 ft. Whether these cells would develop inte cumilonimbus on thelir
own is not known; however, it seems reasonable that the combination of
high water content in convective cells and the presence of plentiful ice
erystals in the upper deck would cause & rapid release of heat as the

erystals grow at the expense of the water. This would provide a sudden
acceleration to the cloud top and permit its growth to cumulonimbus pro-

portions. B8ubsequently, the cells merge &nd are transformed into a more

diffuse snd continuous band with renmants of convective activity at the

ustern Extremity

: (2) From roughly 250 to h50 miles in aclvance of the eye, the pre- .
cipitation appeprs to breek out as diffuse bands initiated from the show .
aloft, ms well as in the form of ‘bands of discrete warm showers. Occa- ' .
siona.l_'l.y, this ‘ocours sim:ltaneously, resu.‘l.ting in the superposition of
c.omrective -and difi;“use ‘bends en the PPT. sccpe

(3) Within. roughly 250 miles of the eye the precipitntitm becomes
generally continupus and intense, with only smell bresks between ‘bands
of henviest intenmsity. The lighter precipi_tati_on in this reglon mppesars
to form from the snow aloft, demonstrating e more or less conventieonal
bright band pattern on the RHI. The presence of the bright band sug-
gests that these regions are in between the bands of intense low level
convergence vwhere the snow can fall, melt, and &coelerste without sig-
nificant low level growth. The heavier precipitation, however, corre-
sponds to reglons in which the echo intensity increases suddenly at the
melting level (in & downward direction) &nd continues to increase down-
ward in the low levels. This suggests that these heavy rain bands are
areas in which low level convergence and vertical motion are causing the
develomment of dense cloud which permits the repid growth of the rain

.and the melting snow by accretion. There 1s doubt, however, about the

nature of the very heaviest precipitation, since the required vertical
velocities indicate the need for a graupel or hall process which is not
clearly eyidenced by ghe radar records.

7. Edna's Psth: An Analysis of the Position Reports

During Edns's approsch to land, its eye wag tracked by reference to
the standard synoptic meps based on weather reports from land stations
aiid fram ships, by reference to ground based radar PPI presentations
and by a reconnesissance alrcraft from Bermuda. The reconnaissance sair-
craft was gulded Into the eye on the basis of informstion given by the
eirborne radar and the aircraft pressure and radar altimeters, as well
as by visuel data on the curvature of rain and cloud bands end the dis-
tribution eof precipitation. The geographicel position of the ailrcraft
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Fig, 7.1, Tracks of Hurricane Edna as deduced with different aids. That labelled ‘‘Aircraft Reports
of Eye Positions’ is based on the reconnaissance reports, That labelled ““South Truro and Montauk
Radars’’ details the eye positions as determined operationally from the PPl scopes of the radar sites
during the approach of the storm. The Post Analysis is based on conventional Rynoptic data as well as

studies of the radar records of the hurricane rain area and aircraft positions, and of the original observers’
logs.
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and eye then wes determined by Loran, other standard navigation tech-
niques, or by reports of ground radar when the alrcraft was within range.

For obvious reasons, it 1s gppropriate to lnvestigate eye locatlons
as reported and charted during Edna by observers sboard the plane and on
land. This will enmble st least & partial determinstion of the relative
effectiveness and accuracy of various methods, and may suggest the means
vhercby more sccurate tracking may be reallzed in the future.

The earliest eye position to be considered in detail here is thet
given by Navy eircraft 4U93 at 0330 EST, 11 September 195k. This report,
the last to be sent by this eircraft prior to its departure from the
storm for Jacksonville, pleces the eye by airborne radar at 36°59'N X
73°24'W, with an estimated uncertainty of 5 miles. The proximity of the
aireraft to the coustline at this time indicates that relatively high
confidence may be placed in the position report, nevigation being &
somewhtt more certain procedure with land based alds. This position
checks within s couple of miles of that interpolated for the same time
from locations recorded with the aid of ground based radar at Cape
Charler, Virginia. Becauge of this agreement, this point 1s used as
"anchor" for the remsinder of the track northesstward and over Cape Cod.

Aircraft 3459 (WB 29) left Bermude early on the morning of 1l Bep-
tember and proceeded northwestward to Beal Intersection at 39°50'N and
A9%40'W. It arrived there at 12302, circled briefly before obteining
finsl elemrance, and then departed werstward for the storm center. The
piane meneuvered into the storm ares while simultaneous observations -
were being made at land hased radar stations. The redsr réports also
perve 28 & check on the aireraft positions, as determined by Loran or
tther nevigational procedures.

In Table 6, below, is & 1list of eye positions determined by the
neaxg indicated. The positions given by ground rader sre aircraft loca-
tions at timee when reports frem the aircraft stated that it was in the
eye. These have been determined from the radar pictures, as well &s
from the original logs kept by personnel of the Linecoln Laboratory and
the Alr Defense Commend Radar Statlon at Montauk Point.

Two possible hurricane paths, besed on the posltions listed in
Table 6, are illustrated in Fig. 7.1. A third path labeled "South Truro
and Menteuk Radars" is based on eye positions determined by Atlas at
Bouth Trure end by ADC personnel at Mentauk Peint solely from the radar
patterns shown on the PPl scopes a8 the storm approached. These posi-
tions ars gemerally to the north of the others. Track ? positions up to
#9 are based on examination of the sircraft tracks logged by Project
Lincoln and Montauk Point personnel, as well as fram inspection of radar
photographe which show the sircraft. The tracks recorded by the Montauk
and Lincoln sites differ somewhat and for various possible reasons.
First, the ususl tolerance in azimuth for a radar is sbout 1°, and the




Table 6. List of eye positions of Edna and the means by which they were
determined.
TRACK 1 TRACK 2
Transmitted
Time Adlrcraft How Other Aircraft How
No. (Z) Position Determined Position Determined
1 1ho0 39°12'x 72°13' Loran
2 1430 39°20'x T1°k1' Loran 39°17'x T1°34k' Montauk radar
\ 3 1500 39°32'x T1°38' Loren |
L 1530 39°39'x 71°18' Loran 39%L46'x 71°18' Montauk redar .
5 1600 | | . “
6 1630 40°00'x T0°55'. Loran 40°18'x 70°59" Medtauk and
: : - . .+ . /Linceln -
7 1700 k4o°Wo'x 70°%0' Lovan ~ .. - Lo®3k'x 70°33' Monteuk radar
8 173 L4o°L8'x 70°33' Montauk radar L40°50'x 70°29' Montauk and
v Lincoln
9 1800 41°15'x 70°30' Montauk redar 41°10'x 70°23' Montauk end
Linceln
- 10 1830 Martha's Vine- Visually from
; yard aircraft
i 11 18%0- Martha's Vine- Ground
i 1900 yard observation
: 12 19% Chatham W.E. Fishback
69°59 'x 41°L3’
13 194k 8. Truro Ground
observation
1k 2010 L2°06'x 69°45' §. Truro redar

an




o —

renge error is usually less than a mile at any range. A reading 1° in-
correct in azimuth corresponds to a 2 mile error at a range of 100 miles
and proportionally more or less at greater or smaller ranges. An ele-
mentary statistical treatment shows that the probable difference in
reading of two radars is then about 3 miles if a target is 100 miles
from both of them. Secondly, there mey be an important centribution to
error by nonsynchronous clocks. A one minute difference between clocks
at the two stations results in a 4 mile difference of readings for a
target which moves at & constant heeding at a 4 mile per minute rate.
This source of error is not of overwhelming importence in hurridane_re-
conneissance when the aircraft is in radio contact with & single radar
station. The aircraft position and that of the hurricane eye may be de-
termined by radar when notlce 1s received that the aireraft is in the
eye; the error of time in this case leads at worst to a small mistake in
a veloclty computation when the fix ls referred later to others which
sre correct in time. For the purpcses of this paper, however, the error
is of poesible importence because the path of the storm is being recon-
structed from the records kept of & fast moving airplane which flew a

camplicated course and was in the hurricane eye at only certain reported |

times.

Another‘important gource of error may be misreading or uncertainty

~.on the part of the ground radar observers. Such errors tend to magnify

the aversge differences.between réports from two stations.

- In view of all these considerations, it may be considered good per-

. formance that Lincoln and Montauk radars indicate agreement within eight

miles whenever reporte synchrenous in time are available. Unfortunately,
there are only four guch pairs of observations, as shown in Table 7.

Table 7. Comparison of Linceln and Montauk recordings of aircraflt posi-
tions when the reports are at the same time (taken from copies
of th2 original logs).

Reported Linceln Monteuk

Distance from Montauk
time (Z) Position Position to Lincoln Pesitien
1704 EL 2120% EL 2831 7 miles WSW
1840 EM %921 EM %218 7 1/2 miles ENE
1853 EM 2526 EM 2327 2 miles SE
192% EM 5635 EM 5230 5 1/2 miles NE

*  Jecref coordinates
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1n spite of these differences up to 7 1/2 miles, it 1s believed that
the eye positions given in Track 2 of Fig. 7.1 are correct within four
miles, plus whatever error may be ascribed to the aircraft persennel as
they identified thelr location in the eye center at the given times.
The reason for this is that examination of the tracks reveals all the
locations where the plane orbited in the eye, and there are enough sepa-
rate fixes within these small areas to make an uncertainty of four miles
appear reasonable. Furthermore, Lincoln and Montsuk photographs, which
indicate the aircraft positione, have been available to the authors and
these have been carefully checked. They have te some extent filled in
gaps in the logs and have provided a cross check on many of the points
recorded there.

These considerations lead to the conclusion that the prominént dif-
ferences between the combined ground redar track and the Loran track are

-due primsrily to Lorasn errors. The differences do not depend on the

aircraft observer's ability to place himself in the eye accurately,

since both tracks-are based on positions when he believed the aircraft -
to be in the eye. Positiens 1, 3 and 6 of the Loran track appear espe-
cially unreasonable; slthough position 6 is the only one of the. group

for which a definite radar fix 1s available. The differences between
Loran and radar fixes of the aircraft up to 18 miles are ‘of great inter-
est, because of the generalTV aocepted high accuracy -of both of these
procedures .

The diemeter of Edna's eye was reported by aircraft to be 15 miles
at pesition 1. Furthermore, the eye had been doubled for a time (see
Section 9) and the lsobars were irregularly shaped when the eye wes over
Capz Cod. 1n view of thils, it is remarkable that smooth curves enclos-
ing all the variations of the various tracks {except positien 1 of the
Loran track) have & maximum separation of enly 1b miles. It may be con-
cluded that such oscillations of the polnt of lowest pressure, if they
exisi al 8ll, are smaller than the dimensions of the eye itself. Of
course, we should be surprised if the polnt of lowest pressure, or any
other singular point, doeen't beob and weave a bit when it is part and
parcel of such a complicated mechanism.

North of positien 8, Captain Taylor, the weather officer, fixed the
aireraft position and thst of the eye by visual contect with surface
features, Many of the eye positions reported by aircraft at these later
times are incorrect by tens of miles. The extensive area of light and
moderate winde was very great at this time and made location of a pre-
cise calm center difficult, especislly because outlying islands in the
Cape Cod ares and the Cape itself lend protection to the adjoining
waters. TFurther, the marked eccentricity of the pressure field near the
sye and the relatively slack gradient on its western eide (see Section 9)
mede it easy to mistake a trough for the true minimum *n the preessure
Tteld. Fatigue of personnel aboard the plane wae, ne doubt, also of im-
portance. Howsver, the most important factor leading tc misplacement of
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the eyve after 1B0CZ was a relatively rapid change of the cloud end pre-
cipitation structure which started at about this time. As the eye
pagsed over the Cape, & line of heavy cloud extended southward on the
western side of ite center. BSeen from its western side 1t looked like
the wall cloud, and due to its very heavy appearance, Captain Teylor
notes that there was no wish to atfempt & penetration. This is shown
best in Fig. 7.2a, where the cloud line is visible as a brilliant band
Just east of northern Cape Cod. When the eye was reported from the air-
craft as & "gigantic eye over Provincetown," its center was actuslly to
the east of the cloud line shown in the pieture. 1In Fig. 7.2, the eye
1s at 40°, 15 miles range. Further confusion was caused at this time by
the rain bands' terminatlon aleng & nearly east west line. The ends of
the rain bands were belleved to be wall cloud on the north side of the
eye. These errors might not have been made had the plane's rads:r been
cperative at thie time, although the low powered 3 cm APQ-13% sboard the
aircraft would be subject to severe attenuation and pattern distortion.

" The reader may st this peint wish to review all of the. recco reports as
received from the ailrcraft. These and corrections to them made with the
assistance of Captain Taylor, appear in the Appendix.

We come ncw'to consider the eye positions determined by Atlas at the
South Truro site.® - Aotually, it was not the eye that was track&d but
the southern side of the mest southerly band, This band, as seen on the
redar scope and which often resembled the silhouette of a soaring bird
st a distance (e. g. see Fig. 8.2), was evidently as much ag 20 miles
north of the point of lowest pressure at times. Atlas himself believed

the point he was tracking te be 5 or 10 miles northeast of the supposed

" true eye. From Martha's Vineyard on, he sttempted to fix on a feature

which he believed to be the north rim of the eye. At great ranges the
radar sees the upper reaches of the band. The eye of the hurricane wag
reported by the aircraft to slope northeast and this is confirmed by ra-
dar photographe (Fig. 7.2). A slope of the wall cloud in this sense
would increagc the difference between the band locetion as seen on radar
and the position of the surface eye when the eye is southwest of the ra-
dar obrerver. (At a range of 100 miles, the base of a horizontally di-
rected besm 1e at an elevation of 5,000 feet above ground level; the up-
per half power point of a 2° heam iz 19,000 feet above the ground at
thie range.) Figure 7.2 shows that the wall cloud northeast of the eye
glopr & about 1% miles toward the northeast betwesen the surface and
30,000 feet. Buch a slopc may result in 5 to 10 mile errors in deter-
mining range to the eye from a great distance.

Further difficulties were experienced ar the eye and its attendant

®* The first five positions of Track 3 were made by the Montauk ADC sta-
tion. 1t appears likely that both Atlas and the Montauk observer
tracked the same feature, as Judged by the continulty of the path.
Unfortunately, therc were no radar fixeg of the hwrricane eye from
Montauk after 1hboz




heavy rains came near because of the way the radar was used. The gain
of the radar receiver was reduced so that detalls of the eye structure
would not be obscured in glare assoclated with general scope seturation.
Because Sensitivity Time Control (STC) was not used, this operation re-
sulted in the disappearance of outer raln bands and a loss of informa-
tion of value in determining the general storm layout. At the same
time, decreased range to the eye resulted in increased echo intensity
which caused an apparent change in the eye's appearance. BSome ground
clutter at close ranges was alsc confusing. Use of Moving Target Indi-
cator (MTI) cancelled ground return, but led also to poorer resolution
of detailed features of the precipitation.

Further, after the eye crossed the passage between Nentucket and
Martha's Vineyard, the first rain bangd ist of the eye became so intense
end extended so far to the south (Fig. 7.2) that Atlas confused this
feature with the apex of the actual wall cloud which he had previously‘

been tracking. Since he believed the apex to be northeast of the actusl -

eye, his reported positions were then some 10-20 miles to the WSW of the
actual eye. This error explains the sudden decrease in speed of the
storm &8s reported by Atlas. It is & strlking colncidence that the same

teature of the storm observed visually from the aircraft caused Captain .
Taylor to make an almost identical mistake. Somewhat better radar posi-
tiones might have been obtained ‘when the eye was within ‘about 50 miles of

the radar site if more extensive use had been made of the RHT radars
(FPS-4 or FPS-6) to check the locations indicated on the PPl scope (see
Section 8 for & description of the recemmended technique). Radar posi-
tion #13 wae determined in the post analysls {rom the 3 cm RHI records
taken at Scuth Truro, as well as synoptic¢ reports. Incidentally, it
should be noted that the differences of eye positions noted here are
comparable to those observed by Bunting et al (1951) in their study
which utilizes ailrcraft and PPl radar reports.

The above considerations notwithstanding, it may be concluded that
the location of the eye by radar was accurate within limits comparable
to the dimensiene of the eye itself. This appears adequate for most
storm advisory work. Improved estimates might have been obtalned if al-
lowance had been made for a typical eye radius within which there is no
radar echo, unrortunately, this depends scmewhat on the radar. Although
it is highly desirable to fix the eye absolutely, it 1s more important
to ebtain an accurate measure of its speed and direction. This can be
done by the consistent tracking of an outstanding feature of the wall
echo band as described in Section 8.

1t should &lso bs borne in mind that the data of thls section does
not lead to unaltcrable conclusions concerning the best tracking methods,
since no one of the reconstructed paths is coneidered entirely correct.
Even the post analysilg suffers because of radar errors, nonsynchronous
clucke, incomplete and insufficient eyrnoptic data and because the air-
craft may not have been in the center of the eye when it was thought to
e by those aboard.,
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8. ldentification of the Hurricane Eye as Displayed on the Radar Scope

The eye of & hurricane as displayed on the radar scope 15 perhaps
the most important single feature to recognize and follow. Since the
hurricane is & constsntly changing entity, there 1s probably no one as~
pect of the radar presentation which will invariably serve to mark the
eye. However, a combination of one or more characteristics of the pre-
cipitation pettern will generally permit the cbserver to pinpoint the
eye with & relatively high degree of accurticy. Some of these features
and other helpful guides will be summerized in this section. Although
mpet of the material presented here pertains specifically to "Edna,"
the proposed identification criteria should spply well to ether hurri-
canes in temperate letitudes. The features of low latitude storms are

‘based primarily on photographic records teken by one of the authors

(Atlas) during the Floride hurricane of 15-16 September 1945. TFor a de-

tailed study of the latter storm, see H. Wexler (1949).

The eye of a hurricane sppears on the radar PPI scope approximately
at the center of spiralling of the bands. Socmetimes it is at the center
of curvature of the bends, especially of those near the eye, but more :
often it is "offcenter" as a .consequence of the tendency for the down-
wind ends of the bands to lie closer to the eye and to spirel in toward
it continuously. : , ’ -

The centers of curvature of the bands of Edna are only rough guides
to the eye positions, as is shown by Fig. 8.1 below. The individual po-
gitiens given in the Tigure are based on the radli of curvature of the
most prominent bands near South Truro, or the average of several such.
radii when no one bend appears butstanding. Geneérally, the inner bands
give a somewhat better indication of the eye position than the outer
oneg, although it is clear fram the photographs that the radius of cur-
vature of bande in any ene region relative to the eye is 1liself subject
to change. This 1s 1llustrated by Figs. 8.3 and 8.L.

In the mubtropics, the eye is often completely surrounded by precip-
itation. Figure 8.2 illustrating the eye positions of the 1945 hurri-
cane, shows rain bends completely encircling the eye. As this hurricane
moves northward over the Florida peninsula, it is seen that the radiil of
curvature of the inner bands increase and this tendency has been cerre-
leted with the weakening of the hurricane circulation.

In temperate latitudes, precipitation is mainly confined to the
northern semicirele of the storm (Dunn, 1951); thie ie the case with
Edna. In these circumstances, the eye is to be found south of the band
of smallest radius of curvature, the cusps of which point generally
south; usually this is also the southermmost band.

The eye positlons of Eéna are indicated by arrows in Figs. 8.3 and
8.1, some of which also point to the recommaissance aircraft. These eye
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positions have been determined by crose checking of alreraft, radar and
synoptic reports. Discussious with Captain Wallace Taylor, observer on
the WB 29, .amve proved of great value in these determinations which are
discussed st grester leugth in Sectien 7. Another methed of eye ldenti-
fication is besed on the fact that discrete rader westher elements near
the eye move around it in the same sense as the surface winds. Thus the
center of spiralling of the bands as cbserved at a single instant is, as
far as can be determined from time-lapse pictures, identical with the
center of rotation of small prscipitation echoes. In practice, it may
rrove rather difficult to locate the eye on the basls of this informs-
tion because .of the short lifetimes of the discrete echo elements nesr
it. In most cases, these elements do not gersilt long enough t6 allow
reliable velocity determinations.* In a.dd.ition, precipltation near the
eye is not -especially cellular. Buch cells as do exist are small and it

i8 difficult to find discrete elements to track. It Is recessary that &

narrow besmed radar such as the FPB-3 be used for determining the eye
location by this means. Otherwise, the small elements near the eye are
not resolved and the .larger forms of which they are parts are seen to.

move with the storm as a whole ; rather tham with the horizontal winds.

. The comment above msy be amplified further with regerd to proper
tracking of the eye. It may be more convenient te pick out .a fairly
gteble sppearing feature (such ms the apex of the "spreed eagle" noted
in Fig. 8.3) which is near the eye and follow its moticn. This, in .
fact, was the method used by Atles in tracking Edna from the South Truro
-slte. This method is advantageous in that & definite feature ie fol-
lowed, rather than s large hole in the echo mags. However, it should be
remembered thet the positions of a feature such as the gpresd-esgle may
be a3 much as 20 miles distant fram the eye, although it moves with the
eye's veloclity, Of course, in a mature storm such &s Edna, with an eye
aree of light or moderate winds perheps %0 miles in dismetear, it is at
lesst ae important for forecast purposess 10 uassess accurately the veloc~
ity of the storm as & whole as to determine the exmct eye position at
every moment.

In trecking, ome must teke care not to become transfixed while a
particular festure slowly transforms. The eye area is subject te impor-
tant changeg of a.ppeara.uce over perieds of an hour or so0, and constant
reference must be had to the totsl picture in order to avold improper
trecking. Changes of eye structure in Edna were, in fact, partly re-
sponsib]),e for errors by Atlas and by the crew of the WB 29. (Bee Sec-
tien T.

¥ Qur qualitative finding ie that discrete cells and masses are most
persistent in the outskirts of the storm and of very short duration
(& few minutes) near the eye. McIntyre (1955) reports on echo life-
times in Hurricanes Carol and Edna, 195k, and finds similarly that
the most persistent cells are farthest from the eye.
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Another method of eye ideatification is suggested by tae post analy-
gis. Figurer 8.5 and 8.6 illustrate RHI photos teken et 10° increments
of azimuth when the eye was within 20 miles of the radar. (The picture
gt 40® iz shown egain with its associsted PP photo in Fig. 7.2.) The
eye 1z associeied with the "V" In the radar echo in the pletures at 4o®,
50°, 60° and 70°. It is apparent that the most Intemse convection oc-
curred at the time ol these pictures to the north-northeast of the eye,
while in its immediste vicinity genersl precipitation occurs from west
through north. The area south of an eest-west line through the eye is
practically devold of rain. Thus, when the eye ls suspected to be with-
in about 50 milem, RHI search in the ares of 1ts presumed locatlon may
reveal s structure similsr to that revealed here. The relatively great
vertlenl exbant of the well cloud or side of the eye iu the directlon of
itz movement and the tralling c¢irrostratus canopy overhesd may be fre-
quent features of hurricanes in temperate latitudes.®

Of course, 1f radio contact betwesn & recennalssance sircralt and
the radar site is establlshed, one of the most effective megns of track-
ing the eye is te fix the location of the aircraft when ite crew de-
clares thet 1t 1g {n the eye. Such a fix should, in most casen, be cor-
rect within the limits of radar accuracy, usually better than ene mile.
By cross checking the interpretations of radar obeerver and sdrcraft
crew, errors on the part of both can be minimized, althcmgh one may
questlon whéther this techriique would have re-:clered an improvement in
the trecking of BEdnaw# in the immediate vic*nity of Cape ﬂod.

te new turn to consiuéram.on of traclmng procedures which can be
used when the eye reglon ls so far distant thet it does not appesr on
the PFT seope, These may be especially important when tracking & storm
far &t ses fram eonstal or lsland sites; In these cases, the usual synn
optle wealher reporits may uct glve sufficient indication of & storm's
path. The nLctures presented in this seculnn and- elgevhere in this re-
port demenstrete thet the band dlrection ai Soubth Truro ig, in its most
gensral sense, unchanging with time as the eye approsches. A geries of
phologrephs taken at Pope Alr Force Base (Fig. 8.7) demonstrates the
changing wand dlrection near the statlon ng Edns moves northward slong a
oaLh far to the east af the staticn. (This figure also 1llustrates
agaln the convective nature of the outermeost bands.) Thus, in analogy
Wity slallar stalements regairding surtface wind directlon, the following
slmple rules apply:

(1) If the lerge scale band direction through tne station 1s

Y

#  Potter (2992) prescnis = time cross section of a hurricane passage &t
Rallfax, based om visuel obsciveiione, which is guits simllar to the
phatograph of Fig. 4.7 &b =07,

** As depcribed in Seciion 7, alrcrafi snd ceder obpervers were misled in

tracking BEana by b osame Tostore of bhe glorrm.
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unchanging with time, the hurricane is approaching directly.

(2) 1If the large scale band direction through the station rotates
in & clockwise sense with time, a northward moving hurricane is passing
west of the statien.

(3) If the bands rotate in an anticlockwise sense with time, the
hurricane is passing east of the statlon. .

With regard to epplication of the above, Fig. 8.8 illustretes the.
development of & rather confusing situation. At 0800 ‘the band direction
through South Truro would probably be placed at 260°-80° by mest observ-
ers. However, an area oriented along 300°-120° intensifies end moves

over the station. At 0845, some cbservers might give the direction of = '

this bright region as the "lsrge scale band direction." The dilemma <¢en
be resolved somewhat by noting that this sequence.is-of & rapidly-devel- . -
opirng nature, Later pletures; as. suggested by that at 090IE," shcw that -
it greduslly loses its identityi.  The dintense 0ddly shaped echoes SE of '
the station st 0901 are shown by RHI to be strongly ‘convective. in ‘nature,
while most of the precipitation south and west of the station shows the
bright band. These convective ‘echoes graduwally attain more Btable char«
acteristics and take on the general appearance of the rest of the pat~

tern.

It is probably'impropér to relate the sbove comments to’hurricanéé‘

s e ey

-1in general, but they give notlce to beware the drawing of sweeping in-

ferences from repid developmente. Care should be taken, especially when
the eye is at great ranges, to follow the broad evolution of the PPI
pattern rather than be influenced by emall scale or transient develeop-
ments. Reference to synoptic reports sheuld result in incressed value
of both radar and synoptic observations. It should also be remembered
thet neither radar nor synoptic analysis is infallible (the latter espe-
cially over oceans where data 1g sparse and often inaccurate) and that
the principles suggested here are very probebly not valild in all cases.

Figure 8.9 shows a complicated and confusing situation. The various
orientations of the banded structures to the south may well lead to dif-
ferent interpretations as to the eye positions. The surest ald here is
again an scquaintance with ecarlier radar and synoptic developments. In-
cidentally, this "crossed bands" structure is even more prominent in the
lirmited radar records of Hurricane Carol, 1954. The suthecrs have not
observed such in pletures of low latitude hurricanes, bul this is not to
suggest a definite geographic restriction to its occurrence.

In identification of the eye, phconomens of which the radar observer
should be especlally aware are "false radar eves." One such case is

c vy
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Fag. 8,6, FPS-4 RHI photos taken at 10° azimuthal increments on 11 Sept. 1954, when the eve of Hurricene 2dna
wits ahout 15 nuvtic ikl miles northeant of the radar wite at So. Truro. Hange marks are ut intervals ol 5 nnutical miles
and indicnied tmes are BEDST. The great echo mass ut 40° iy indicative of convection north-northeast of the rye,
whicb upprars ws v V' in that picture and also at 507, 607 and 70, The upper lever visible in the upper € rictures
is tnhicatsive of high level divergence, Note that the eve 15 open to the south,
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1435 EST.
EYE AT n1g’
278 STATUTE MILES

1540 EST.
EYE AT 114°
273 STATUTE MILES

1645 EST.
EYE AT 11;°
268 STATUTE MILES

Fig. 8.7. These rudars L llimmgrn;-h-. of Hurricane Edna 10 Sep!. 1954, are from the CPS-9 (3 Cm) installation
at Pope AFB, North Carclina, North 1u townrd the top of each picture and the range of each is 200 statute miles.
Note the cellular nuture -0 tte ourermost viois and their slight counter-clockwise rotation during the period between
top and bottom pictures. e votitior rec s from the northward progress of the whole spiralling system.



umoys 9fuel mowXel -qmoize  SOF mou
2£a agj °J§H o6 paredipul sowly “$S61

1060

o1 pue R.rzumm 10 aou

sibon ‘ni‘u al.iv au—ﬁ.‘ ®

a O8] 01 Q[ Wed 9dues Uy S9SEeI0Sp WG| IYY JO

«dag [1 ‘wupy sueoumpy Fwmp mpi g-Gd 4 £q pIa1esqo 68 SUOLDINP puB] PILEA 8'g 914




shown in Fig. 8.10.% Simpson (1955) has suggested that these form in
connection with relatively small scale motions in association with in-
dividual rain bands. When the obsgerver is familiar with the evolution
of the FPI pattern, errors of eye location due to improper identifice-~
tion of a "falze eye" may be avolded, since these are transient features
lasting perhaps fifteen minutes to an hour. Further aid to proper iden-
tification may be sought in the large scale spiralling pattern of the
‘band which is not about the false eye, except perheps in ite immediate
vieinlty, and in the motions of individusl elements which likewise tend

to be around the true eye-.

9. Miscellaneous Synoptic Aspects o:f‘ Hurrica.ne Edna

Bix hourly surface eha.rts a.nd twelve hourly 500 ‘b che.rts of Hurri—
cane Ednm are illugtrated in Figs. 9.1 and 9.2. It may be seen ‘that
Edns wap affected by & trough in the westerlies and that its motion was
in good a,greemen’c with the large scale flow at 500 mb. , The motion of
Edrs has been studied in detafl by Malkin and Holzworth (1954) who Found
excellent agreement between 1ts movement and space. a.veragas of: the pres-
" .gure weighted mean wind between 1000 a.nd 200 mb. - © S

B comparison, Fig. 9.3 ehovs the 500 mb pattern Just prier to the
-northward acceleration of "Carol" and "Hazel," 195k.. Cerol entered New -

England sfter crossing Long Isla.nd ‘Hazel went inla.nd near Myrtle beach,
- South Carolina. The bagic similarity of the various cases is ‘obvious. -

" -The regular expansion of the surface circulation of Edna is evident .
in Pig. 9.1. - This type of chahge has beer noted by many authors a8 '

charecteristic of the transition fram youth to maturity. The distribu-

tion of precipitation relative to the eye of Edna is shown by Fig. 9.h4.
The heaviest rain is seen to be in the northwest quadrant of the steorm.
This distribution is slso indicated by Fig. 9.5b which shows the totsl
amounts sssociated with the storm and the relationship of this pattern
to the path. Figure 9.5a shows the Lotal precipitation and path of
Carol. The hourly precipitetion data shows that little or no rain fell
after the eye of Carol passed north of any given New England point and
that the maximm intensity of rainfall was nearest the eye. Thus Carol,
like Edna, had rain mainly coniined to the ferward egemlcircle, but un-
11ke the latter, had rain distributed more or less evenly in NE and NW
gquadrants.

1t is likely that the rainfall distribution in these northward

* This picture ig one of many teken with "Moving Target Indication."
MIlL effects a dirappearance from the radar ecope of fixed targets,
such az hille and bulldings, and a weakening of other echoes. Com-
varison of nearly simultanecus MIT and normal pictures of Edns reveal
only a tendeacy for the weaker precipitation echoes to disapprar with
MTT.
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Fig. 9.1,
North-south e

JneACE
12 9EP 1954
00302 1202 A1

Six heurly surface charts of Hurricane Fdna, 1954, Note the
longation is cvident at 18307, 11 Sept. and 0030Z, 12 Scpt.

progressive enlargement of the circulation.
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Fig. 9.2, Twelve houriy 500 mh charts showing
Hurricane Edna, 1954, The low pressure center cast
of Hudson Bay remains about stationary as Edna moves

northeastward,
85



800 WMB
.31'-AUG 1984
03002 22008/30

500 M8

I150CT 1954
03002 2200E/I4

Fig, 9.3, These churis depict conditions during the northward
motion of Hurricanes Carol (sbove) and Hazel (below), 1954,
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Fig. 9.4, Distribution of precipitation relative to the eye of Edna, indicated by the cyclone symbol in all but the
first picture. Rainfall is most intense and widespread in the northwest quadrant, with maximum hourly amounts oc-
curing about 90 miles from the eye,
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moving storms bears an important relationship to the temperature field.
Nortreest storms of New England generslly are sccompanied by precipita-
tion maxime in the region of strong low level thermal gradient. The
differences between the precipitestion patterns of Carol and Edna may
therefore be attributed in part to the greater air mess contrast in
Bdna. Furricane Hazel, 1954, which is associated with an intense polar
trotgh, is also characterized by maximum precipitation to the west; in
Hazel there gz also an important crographic ceontribution in the region
of maximm rain. The 1938 and 194k New England hurricanes also produced
more rain orn their western sides, but only the former appears to have
been associated with sirong air mass contrast {Brooks and Chapman, 1945,

' anc Pierce, 1939). Recent cases which evidence complex relationships
hetween the positions of surface low centers and precipitation distri-
butions are Hurricanes Coanie and Diasne, 1955, illustrated and discussed
in Weatherwise (Sumner and O'Connell, 1955).

Ore of the interesting features of Hurricane Edna is the great and
rapid Increase of northwest wind which occurs afier the time of lowest
pressure at ctations west of the eye path. The maximum velocity of the
nortlwest wind considerably exceeds that of the winds which precede the
time of lowest pressure. The Blue Hill meteorogram, Fig. 9.6, grephi-
eally 1lluslrates this phenomenon. The anomalous northwest gale appears
first 21 southernmost stations, such as Block Island, and progresses
necthvard at the speed of the hurricane eye, appearing at least as far
aorch as Brumswick, Maine, though somewhat weakened. Efforts to relate
this festure, which commences with some characteristics of a burst or
sganl line, to pressure jump or trough lines, using the extensive orig-
inel deta and hourly meps available, have not been at all conclusive.
1t Jdoes sppear, however, that some reasonable interpretation of the re-
w.ulonship batveen the observed wind and pressure fields is possible on
the bvacls of availsble data. The hourly weather maps shkow that 100 miles
4o thz norchwest of the eye the wind speeds are much lese than gradient.
A typi~nal observation shows a wind of 15 miles per hour blowing zcross
the izobasrs toward lower pressure at an angle of 45°, where the gradient
ind 1s 90 miles per hour (see Fig. 9.7). Some limited trajectory anal-
yels indicetes that the hurricane winds from the northwest are initially
a part of szuch a wesk subgradient flow. It is also seen from the maps
that az the air parcels northwest of the eye travel toward lower pres-
swre, they are acted on by progressively greater pressure gradients.
Under these conditions, the parcels accelerate rapidly; elementary com-
putations have indicated that the equations qf motion explain the ob-
served accelerations approximately.* Therefore, it is felt that the un-
usuel northwest wind can be described largely in terms of observable
differences hetween the pressure and pressure change fields of Edna ar®
those of other hurricanes.

* A geostrophic departure of 100 mph indicates an acceleration of sbout
42 mph per hour in these latitudes.
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Fig. 9,7, Sznoptic map of Hurricane Edna based on ohservations made at airways gtations at 1230 EST, 11 Sept.,
1954. 'The numbers in large type, placed one over the other in the form of a fraction, réfer to the geostrophic an
gradient winds respectively, at the locations where the numkers are indicated, All wind speeds are in statute miles
per hour. Note that winds a considerable distance to the rorth and northwest of the eye are very much less than
those given by the gradient and geostrophic approximations. The accelerations associated with this unbalance of
wind and pressure, are believed to have given rise to unusual northwest gales observed at stations west of the eye
path after the times of lowest presswe had passed. These northwest winds exceeded in strength those which oc~
curred during falling pressure at the same stations,
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HURRICANE EDNA RECONNAISSANCE
Il SEP 1954
SYNOPTIC DIAGRAM ~16002Z

\.‘

j&————100 MILES~

Fig. 9,8, Double eye of hurricane Edna as drawn from memory by Capt. Wallace Taylor, observer aboard WB29
which performed reconnaissance of Edna’s eye. Except for minor oscillations, all the radar photographs taken from
the J;lsme presented approximately the shaded configuration. A-thin cirrus layer existed in the hatched area. All
winds shown are observed surface winds, The dashed line is the flight path, of approximately 45 minutes duration.
At 700 mb, a minimum at point A was regularly reported at the eye position. Minima in the surface pressure field
existed near A and also near point C, e centers of the twe apparently closed wind circulations maintained their
relative positions until they merged near Martha’s Vineyard. Swells of 40 to 50 feet appeared to be radiating out-
ward from both eyes.
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The northwesterly wind burst was of great importance at the time
that il occurred. Radile vroadcasts made shortly after the lowest pres-
sure had passed Boston indicated that the worst of the wind was over;
whereas in truth, the worst had not yet begun. Further studies should
be particularly oriented so as to exploit the possibility of forecasting
an occurrence of this nature from hourly mepe an hour ¢r two in advance.
It is probable that surface friction and vertical transport of momentum
will also have to be considered if satisfactory interpretation of the
many detalls of the surface weather elements iz to be obtained. Unfor-
tunately, little theoretical work has asppeared on the low level winds in
a moving circular pressure field since the classical work of Shaw (1931).

Another noteworthy phenomenon pecullar to Edna is its double eye.
Thls feature was first reported by the reconnaissence sircraft at 1O00E,
11 September. A diagream drawn from memory by Captain Wallace Teylor,
weather observer on the plane, is included as Fig. 9.8. It is noted
that only the northern eye is bounded by precipitation; therefoére, the
radar data give no indication of the double structure, According to"

- Ceptain Taylor, the eyé was stlll elongated ag it passed Martha's Vine-

vard and this is borne out by the hourly synoptic c¢harts (not- extensive-
ly reproduced here; scme indication of the elongation is glven by Fig.
4.10, 1433 EST). The report by the aircraft of a double eye over Prov=
1ncetown is in error, as explained in Section 7 and -in the Appendix. It
appears that Edns's double eye is a transient feature of the storm.. '
(Captain Taylor hes also informed the guthors of his experience in a Pa-
cific typhoon which possessed s double eye.)

It is of interest that Martha's Vineyard and Nantucket experience
minimum sea level pressures within 0.10 inch of each other. (The exact
difference and its sign are unknown becasuse of uncertalnties concerning
the Martha's Vineyard reading.) The center, in fact, passed between
Nantucket and Martha's Vineyard. Nantucket's wind at the time of mini-
mum pressure (953.9 mb) was from the south, with gusts over 80 miles per
hour. Martha's Vineyard, at time of minimum, appears to have experi-
enced a northerly or northwesterly wind which was not more than 25 mph.
(The wind at the exact time of lowest pressure is unknown.) This non-
symmetry of the wind distribution 1s reflected also by reports from
other stations near the eye. Immediately adjacent teo the eye, winds
were much streonger to the east than to the west. This masy reflect in
part the relative displecement of the centers of lowest pressure and the
centers of rotation, as discussed by Shaw.

A sounding made in the eye of Edna et 1030 EST by personnel of the

WB 29 is presented in Fig. 9.9. This shows that Edna has a warm core
structure apparently common to all tropical hurricanes, and deduced pre-
viously for the eye region of this storm from the velocity measurements
discussed in Section 5. The temperature of +16°C at 700 mb is %° higher
than may be realized by moist adiabatic ascent from the surface. The
high mixing ratioc reported at 70C mb in the eye is higher then the high-
=5t that can be attained by ordinary processes in the saturated alr
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: i Fig. 9.9. Eye sounding of Hurricane Edna made by crew of WB29 ajrcraft, Heights of the 850 and 700 mb levels arc
[ indicated in parentheses. The heavy solid line is the curve of temperature, the dashed line is that of dewpoint. Sloping
: solid lines are dry adiabats and the !ight dashed line is a moist adiabat,
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outside; and it is therefore probable that this report is errconecus.

Firally, certaln sther experiences of the reconnalssance aircraft
crew tear reporting. Turbulence was observed in most of the rain sres
and was grestest in the heaviest clouds and precipitation. BSevere tur~
bulence was experienced near the eye, especislly Just te 1ts north.
However, there was little or no turbulence in the light wind areas of the

eye v

At sbout 2030Z the aircraft flew from Cape Cod SSE to the distressed
Nantucket Lightship. Captain Taylor reporte that the cloud tops were at
only 7,000 feet, but that severe turbulence and heavy rain wes experi-’
enced within them. The suthors of the present ‘peper have computed that
the verticsl velocities necessary to glve condensgtbion equivalent t0 -
precipitation of 10 mm/hr in such s thin layer would be accampenied by
low level convergence of a&bout 1.5 x 10°2 sec~l. ..It is.of interest in .
this connection to note the strong convergence - in the southeast quadrarit
of the hurricane vhich is indicated by the ship reports at 18302 (see .
Fig. 9.1). Hoewever, the chart neither verifies nor disproves the magni
tude given above. Captain Taylor further reports that the teps of these
clouds were smooth, with ne cumuliform buildups, BSuch & relatively. low..
cloud top may heve been Pproduced by continuous advectien of dry atr =

-above 7,000 feet. The presence of strong shear implied by such a proc-u N

egs may also help to explain severe turbulence in clear air immediately
above similar clouds, as was cbserved later at a point some 100 miles

. B8W of the eye.

10. Summary of Highllghts

First evidence on radar of Hurricane Edne, as observed from Bouth
Truro, Massachugeits, 18 an RHI echo which corresponds to a dense upper
ice crystal deck (see picture 1, Fig. 10.1). These crystals are carried
ahead of the main rain area nearer the eye by the high level winds and
their continued existence far in advance of the main precipitation also
implies some lifting in this vicinity. As the storm epproaches,. the up-
per echo layer thickens and its base slopes downward towerd the precipl-
tation ereas, ms shown in pictures 2-5. This structure 1s similar to
that in advence of a typlcal cyclone of temperate latitudes. The out-
flowing echo layerse are generally separated by blank spaces in the pic-
tures from the rain bands from which they appear to emsnate. This is
attributed to & local compensating downdraft region ahead of the main
rain bend which results in pertial evaporation of the icy crystals and
a weekened radar return.

At sbout 450 miles in advance of the eye, the development of low
level convergence 1n convectively 'mstable alr results in the formation
of lines of convective showers which are oriented along the surface 1go-
bars. Thelr initlal formation takes place entirely below the melting
level (13,700 feet) and they mecve in good sgreement with the winds be-
tween 3,000 and 9,000 feet (Fig. 10.2, top). Many of these later grow
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Fig. 10,1, Sequence of RHI pictures looking toward the eye of Edna as the storm approaches. Pictures 1-3,
FPS-4 radar, 5 nautical mile markers; Pictures 4-8, FPS-4 radar, 10 nautical mile markers; Pictures 9-12, FPS-6
radar, 1Q nautical mile markers. Note the open space between the forward edge of the rain band and the upper
cloud in advance of it in pictures 4, 5, 6, lﬁ and 12, Picture 7 with the gap at close range demonstrates that the
gap of pictures 4, 5, and 6 is filled with relatively small particles,
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-intensifiéd vertical motion. In these cases, the echoes develop and
fall downward as the particles grow by condensation; this 48 discussed

to cumulonimbus proportions; ultimately the lines of showers merge and
decay to stratiform type precipitation. On the RHI scope the appearance
of the warm showers is as illustrated by pictures 5, 6, and 11-14 of
Figs. 10 1 and 10.%; they are discussed in considerable detail in Sec-
tions 3% and 4 of this report. Subsequent bands are composed mere and
more of rain charscteristic of a stable air mass, although occasional
convective elements occur even into the immediate eye region. The up-
wind (eastern) ends of the rain bands are more cellular in structure and
this is believed due to the initisl development of precipitation in cen-
vectively unstable air. The precipitation becomes more uniform dcwnwind
under the action of continued low level convergence.

While practically all of the nurricane is banded and is- associated
W¢th & banded. structure of lowr level convergence and- rising motion, ‘the

',mechanism giving rise to the bandedness is still unknown At times, theﬁ*“*"’”* B

upper  clovd layers are affected by passage throuah a region or band‘af»

in Secticn 4 and is 1llustrated by pilctures 13-16 of Fig. 10:43.. s
mein. rain bands *t.en"l to be wider in. their. uppér parts “than near the"'“'“

.surface, which is conslstent with &, pattern of high level divergenbe.

They are most w1dely separated in ‘the outskirts of the hurricane and .
tend to merge near the eye as. indicated by Fig. 11.2,. They &re Bpprox~

-~ imately parallel to the surface winds and isobars, especially &t the up-

wind ends of the bands (exoept for -intense convective echoes in the
eastern semicircle of the storm). . Downwind, both bands and winds tend
to spiral toward the eye, the winds more strongly. The result of this
in Edna is that the bands are oriented about halfway between the direc-
tlons of surface winhds and isobars. No consistent relationship between
the bands and the upper winds or vertical wind shear hes been discovered
in this study.

It is suggested that precipitation growth and echo intensifieation
in low level clouds is responsible for some of the finer structures,
such as the cross-band striations which are observed in Fig. 4.13, and
the smaller filementary structures comprising most of the major bands.
These finer features are also reflected in the rapid fluctustions of the
surface rain intensity. However, the major banded structures extend
through great depths of the troposphere, sometimes with and sometimes
without low level growth.

The motion of the showers in the northern outskirts of the storm is
about 40° to the left of the direction of the storm metion end nearly
perpendicular to the bands; the upper ice crystal or snow masses in this
area appear faintly on the FPS~3 PPI scope and are seen to move at a
rapid rate from the same direction as the storm (SSW). Within 5C miles
of the eye, the motion of discrete precipitation echoes (presumably of
the low level convective type) is in nearly the same direction as the
surface winds, and hence nearly along the bands. (Sections 4, 5 and 8.)




Fig. 10.2. Composite PPI display of Hurricane Edna, constructed by piecing togethe- three FrS5-3 pictures
taken at So. Truro about 6 hours apart, on 11 Sept. 1954. Note the regular appearance where the pictures join,
which suggests that the hurricane is in an approximately steady state. First convective bands may be seen in
the upper right; in the center there is evidence of convective elements and stratiform type precipitation super-

imposed. The relatively close spacing and uniformity of the large scale bands near the eye is evident in the
tower left of this figure.




CUE Woaaet y g o N
el S S ngmay

-

The speed profile of discrete precipitation echoes is similar in
shape to that of the surface winds, showing the decrease of speed near
the eye which is characteristic of mature hurricanes. Comparison of ra-
dar and surface wind speeds indlcates that the winds in the lowest 7,000
feet increase in speed with increasing height outside the ring of maxi-
mum surface winds. Within the ring of maximum surface winds the wind
speed decreases with height. This pattern of vertical wind shear is
consistent with recent observations of Simpson. Further study of the
relationships between echo and surface wind velocities should mske pos-
sible the accurste determination of hurricane intensities by radar. The
wide scatter of individual echo velocity observations noted in the pres-
ent study can be reduced by simultaneous use of narrow beam RHI and PPI
radars (Section 5).

The eye of the hurricane may be identified on the PPIL scope by the
spiralling of the bands and by the rotation about it of discrete weasther
echoes, as noted above. On the RHI scope Edna's eye appears &5 an open
"V" in the radar echo which leans toward the northeast; a cirrostratus
shield over the eye at 35,000 feet is connected to the northeastern por-
tion of the wall cloud by a thin column. (This spreading canopy over
the eye 1s indicative of high level divergence.) '"False" radar eyes al-
s0 appear in Hurricane Edna; they are identified as spurious by their
relatively short lifetimes and by the absence of rotation or spiralling
about them of large scale features (Sections 7 and 8). A double eye,
identified by distinct centers of circulation and pressure, is reported
by reliable aircreaft reconnaissance to have existed in Edns for an hour
or more prior to the time the central region of ‘the storm passed the is-
lands south of Cape Cod. However, the centers have not been observed
separately on the radar because the southerrmost one was divorced from
precipitation (Section 9).

A feature of the major homogeneous precipitation bands is the radar
"bright band" at the melting level; this implies that snow or ice crys-
tals are descending through the melting level fram aloft. Differences
in the detailed appearance of the bright band are associated with varia-
tions of middle and low level growth. Where there is little or no mid-
level cloudiness and updraft, and hence only slight growth of precipita-
tion particles, a sharply defined bright band sppears and the radar echo
intensity is sbout constant in the layer which extends to the ground
from below the bright band. On the other hand, t'ie appearance of gener-
ally increasing echo intensity from the melting level dowmward is at-
tributed to major growth of the melting snow and rsinfall by accretion
of cloud. is characterizes the bands of moderately heavy precipita-
tion which must correspond, therefore, to areass of major convergence and
lifting. The very heaviest precipitation (requiring intense updrafis)
must be associated with a graupel or hail process for which there is no
strong evidence in the fadar dats, except in the region of the main wall
cloud. (The greatest rains in Hurricene Edna occurred slong a line
passing about 75 miles west of the main radar site at South Truro.)
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13, 210" 0444EST 14, 210" 0500 EST. 15, 210" 05 3BEST. 18, 210° 0COOEST.
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Fig. 10.3. Photographs of .the FPS-6 scope at So. Truro Huring the approach of Hurricane Edna. Pictures 13,
14, and 15 demonstrate the occurrence of low level tonvective showers and descent of an upper ice crystal layer
in a region of low level convergence and rising air motion. Pictures 19 and 23, at low gain, illustrate the con-
ventional bright band at 13,500 feet, The pictures numbered 18-24 at low gain fail to show snow above the melt-

ing level except at very close ranges.




Characteristics of the drop size distributions of hurricane raeins
(examined by the filter paper technique) ranging in intensity fram 3 to
75 mm/hr, are in good agreement with those to be expected on the basis
of Marshall and Palmer's empirical relation. The median drop diumeters
are samewhat larger than usual, however, and are attributed to the unu-
sually important role of aggregation in this hurricane rain. The empir-
ical relation Z = 200R*'6, vhere Z is the radar reflectivity facter
(summation of the 6th powers of the drop diameters) and R is the rain-
fell rate, has been tested, using the filter paper samples of Edna rain.
The value of R determined by the application of this equatien is alwmys
well within a factor of 2 of the observed value, thus suggesting the
possible use of long wave radar to monitor the intensity of hurricane

rains (Section 6).

The path of Ednae is found to be much more regular than originally
reported; oscillations of the path are of smaller amplitude than the eye
dismeter. Analysis of positlion reports from verious sources indicates
that when an aircraft is within radar range, errors of position may be
reduced to & minimm if reports are based on coocperative estimates of
both aircraft and radar observers (Sections 7 and 8).

Land stations weat of Edna's eye experlenced highest winds during
the storm after the times of lowest pressure. Anslysis of trajectories
and pressure gradients, based on analyzed hourly weather maps, indicates
that the air associated with these northwest gales can be traced to an
origin in a field of gross unbalance between winds and pressure. At a
distance of 100 to 200 statute miles northwest of the eye over land,
wind speeds are typicaliy only 15 percent of their gradient values and
accelerations implied by the equations of motion in thls case appear ad-
equate to explain the observed increase in wind speed (Section 9).
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APPENDIX A

List of Alrcraft Reconnelsgsance Reports, Corrections and Comments

Correciions were made posslb.e through the assistance of Ceptain
Wallace Taylor, cbserver aboard the alrecrafi.

Plaln Lenguage Portions
Ae Received

Duck Edna 1 (11302).
67°15'W; surface wind 170°
030 knots; flight wind 195°
057 knots; squalls lines

’ curvea to NW

'I.'h&re was Just cme small cloud line which cm'ved into the northwest :f‘rmn'

the aixcrs.ft posi*iem, thus

Nt

Duck Edns 2 (1200Z).
@i QUEATBNTS; posivion 5B uo i
£3°20'W; surface wind 170°

050 knots; flight wind 190°

060 knots; proceeding to seal
intersection.

Position 36°17'N

Redar returns

Plain Language Portione
As Corrected

Duck Edne 1. Position 36°17'N
67*15'W; surface wind 170°

020 knots; flight wind 105°

057 knots; sgua.ll line

. curVes to NW

Duck Ednm 2. Redsr returns
as QanlENUS; poBLtion 35°06'N
68°20'W; surface wind 170%

050 knets; f£light wind 190°

066 knots; proceeding to seal
Tntersection.

The only change here involves the f£light level wind.
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Plain lLanguage Portions Plain Language Portions

As Received As Corrected
Duck Edna 3 (1230Z). Position Duck Edna 3 (1230Z). Poeition
39°50'N, 69°L0'W; surface wind 39° SO'N, 69°40'W: gurface wind
920°, 065 knots; flight wind lcO O6E knots; flight wind
170", 076 knots; cirecling Seal 170°, 076 knots; circling Seal
intersection due to ATC clearance. intersectlion due te ATC clearance.

The direction of the surface wind is 120° rather than 920°. The plane
was not authorized to fly directly into the storm, but had to wait at
Seal intersection for finel clearance.

Duck Edna b (13002) Positian - o change.

33°L7'N, 71°07'W; surface wind

unknown; flight wind unkncwn -

Duck Edna 5 (1330z) Positlon © Duck Edne 5 (13302). Position .

©38°321N, 71°18'W; surface unkfiown;  ~ 38°32'N, T1°18'W;. surface wind
flight wind unknown peneoratiuh unknown; flight wind unknown,
‘eye., - o Eenetrat rg eye.

"Penetration eye" ghould read "ppnetrating eyeo Thié means.that the
plane is on & course for the eye, not actually entering it.

DUCK EDNA SIX IN EYE (14002). Duck BEdna 6 in eye (1L00Z).
Double eye forming; swells to Double eye forming; swells to

60 feet; blue sky over Seal; 60 feet; blue sky overhead;
position 39°12'N, 72°13'W; position 30°12'N, 72 15 'W;
surface wind diffuse 40 knots; surface wind diffuse 40 knots;
will remein in eye due to prox-. will remsin in eye due tc prox-
imity of coastline; eye position imity of coastline; eye position
to follow every 30 minutes. to follow every 30 minutes.

The plane was in the eye reglon and blue sky wuae overhead, not over
Seal. The cye was open to the south and it war difficult to find a
minimum in the pressure field. The analysie of '"D" values gathered
during reconnaissance of the eye lndicated an elongation of the pressure
pattern in a northeagt-gsouthwest direction, Flnally, two minima at

700 mb were located. The leseer minimum was about 30 miles SW of the
major winimum, which lalter was reported as the eye location.




Plain Language Portions Plain Lenguage Portions
As Recelved. As Corrected

Duck A 3514-59 Edne recco nix, eye No change.
centered 39°12'N, 72°135'W 1h00Z;

Loran position asccurate withiln

5 miles; meximum winds 120 knots

north quadrent; eye pouvrly defined,

15 mijes diameter; radar coverage

feapltble; remarks: eye horseshoe

shaped, open to south, surface in

eye very diffuse 40 knots.

As indicated by Fig. 8.1 and the discussion of Section 8, this Leran fix
was probebly not ag accuwrate as indicated. The ges surfaze in the eye
wae confused, with swells moving in different directicns. The wave and
BpTay formations vere of sbout the seme megnitude as those formed under
the infiuence of a 4O knot wind. In this case, however, it was not pos-
gible to detexmine wind direction from the a.ppeara.nce of the sea, hence
the phrase "surface wind diffuse 1+O knots "

Bdna seven in eye (1430z). Eye T Nocha.nge
_changing shape con*inmusly. - R
Position 39°20'N, ""“M.‘W‘,

The reierence to changing snape 'aertains ma.inly to the Prespurg . pa.tt&r
immedintely about the &ye. The s”oeep&st gradlent ghifted frow. the north
side in & clockwise dirmction to the west side during the half hour pe-
riod centered on this observation.

Duck Edna eight in eye (150%Z). No chenge.
Surface wind 20 miles sou: of

center 270 120 knots; wusition

39°32'N, TL°38'W.

Duck A 3459 Edna nine in eye (153%0Z). No change.
Descending to 1500'. Next ob 1630Z;
position 39°39'H, T1"18'W.
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Fiain Language Portieons Plain lLanguage Portions

As Received As Corrected
Duck A 3450 Edna. in eys (1630Z). Duck A 3459 Edna in eye (16207). .
Subcon press 1600Z 94( mbe; eye Surface pressure at 16007, 947 mbs;
center prescure slopes upward eye center slopes upward toward
northwest; position 4O°00'N, northeast; pusition 4O°00'N,
70°55'W, 700 mb level drop wing. T0°55 W, 700 mb level dropping,
Second purface eye 4O miles second surface eye 40 miles
southwest of ob posltion. southwest of eob position.

Beversl transmission errors in this one. The northeast tilt of the eye
was alsc determined by 3 cm radar at South Trureo (see Fig. 9.5). The ;
decrease of height of the 700 mb surface was noted in order to confirm -
the coded portlone of the messages; 1t wme belleved that the movement

of the storm into higher latitudes would normally be accompanied b
rigling 700 mb central heighta.

A o Duck A 3459 Edna eleven in eye Duck A 3459 Edna eleven in eye;
! ; - {1730%Z). Loren temporarily inop~- - Loran temporarily ineperative;
A i erdtive; Fax by'defense radar net; Fix by defense radar net; position
j g position LO°L8'N, T0°33'W; eye - Lo°L8'N, 70°33'W; eye position at
A %- position at 17002 ho°ko'n, TOLW 1700z, 4O°4o'N, T0°LO'W.
% i g, The 1700Z fix was by Loran; the 1730Z and 1800Z fixes were by ground
i ; radar at Mentauk Peint. The longllude of the 1(UUZ fix was garbled in
% i the message. o '
i ' Duck A 3459 Edna twelve in eye No change .
: i {18002); eyve opening more to
¥ :

; south; position 41°15"'4, 70°30'W

bt vt e S

The wall cloud to the south, already much smaller than that to the
‘ north, underwent further dissipatieon.

Duck A 3459 Edna thirteen (18%50%)

in eye over land; eye over Martha's
Vineyard at 1850%.

No change.




|

Post analysis indicates that the point of lowest pressure did not pass
over Martha's Vineyard, but over the ocean between Mar+ha's Vineyard and
Nantucket. At this time the eye was extremely usymmetrical, with the
minimumn pressure located east of the mid-point of a representative outer
isobar. The gradient over Martha's Vineyard was quite light and the
center of the area of light winds and camparatively unruffled ocean may
well have passed over the island. At this time there was no white water
visible from the plane north of the line connecting Martha's Vineyard
and Nantucket to Massachusetts' south shore. An additional confusing
feature at thie time was a band of heavy cloud which had swung southward
(relative to the storm) until it bordered the point of minimum pressure
ou the west. This heavy cloud appeared to the aircraft to be the wall
cloud eagt of the eye center. The bands terminated along a nearly east-
west line at this time - this line of termination was thought to be wall
cloud to the north. Analysis indicates that the eye was not truly dou-
ble at this time or as the eye crossed Cape Cod.

Plain Language Portions Plain Language Portions
As Received As Corrected
Duck Edna south eye centered 41°29'N, No change.

70°10'W, 1930Z; visual position accu~
rate within zero miles; north eye
centered at 1935Z in middle of Cape
Cod Bay; eyes well defined 4O miles
dismeter; radar coverage feasible.

Here the double eye was erroneously reported. Due to the wide flat
pressure pattern, "D" velues were not closely checked, and fatigue of
personnel abosrd the alrcraft greatly reduced efficiency. The reported
positions were based largely on visuasl attempts to place the eyes or
eye. The distribution of cloud lines in the eye made this difficult,
as noted above. The cloud line over the Cape extended at least to
20,000'.

Duck A 3459 Edna recco eye centered No change.
2010Z, visual position. Maximm

winds unknown, wall clouds dissi-

pated east through south to west;

double eyes now forming gigantic

eye roughly centered over Province-

town. Eye poorly defined.
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The cloud line referred to previously was now much less ominous, and no
longer eppeared to be a wall cloud. Thus the wall cloud was reported to
e dissipating, although such probably exisied Lo Lhe aoriheast, oul of

glte behind the weakening cloud liue.

Plaip Langusge Portions
As Received

Duck Edune departing storm to dis-
tresged purface vessel 75 miles
southeast of eye. Do you desire
2200% fix.on eye? Reply immedistely.

Duck A 3459 Edna 15 southesst of
eye; position 40°37'N, 69°18'W
2045%; surface wind 270°, 100 knots;
sea phenomenal; overcast 300 feet.

Duck Edna relieved on station of
distressed vessel by Coast Guard
aircraft; this message terminstes
weather reconnaissance of Hurricane
Edna; Loran inoperative; position
uncertaln; proceeding to a sultable
eepgt coast field; insufficient fuel
to attempt Kindley; last message.
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Ap Corrected

No change.

No change.

No change.




APYENDIX B

Horizental Tempersture Gradients as the Melting Level
(Note added in proof)

Determinetion of horizontal temperature gradient by radar is de-
pendent on knowledge of the lapse rate and on measurements of the height
3 ~ of the bright bend, which corresponds te the layer about 1500 feet below
: g the 0°C isotherm, and in which snow melts to rain (Austin and Bemis, 1950).
The quantitative relationghip between the height varilations of an isotherm
(assumed centinuous) and the horizontal temperature gradient is given by
: 2T/2x = -(DH/? x)p( 2T/ DH), where (2H/?x)p is the slope of the iso-
i : therm and DT/ PH the lapse rate. An estimate of the quantity (2H/2x)p
: near the +2°C isotherm may be obtained from messurements of the height of
% the bright bands at different distances from the eye of the storm. Al-
| though numerous RHI photographs were made during Hurricane Edns, little
i thought was given to this problem at that time, and the data are therefore
not all that is now desired. The table below lists measurements which are
Pprobably uncertain by 500 feet.

Height of Bright Band in Edns

Disgtance NNE of Eye Ht. of Center of Bright Band Radar Used
{(nautical miles)* (feet)
‘ 325-170 12,700 FPS-4 and FPS-6
160 13,500 . FPB~6
: 125 14,000 FP8-6
1 . 20 16,000-16, 500 FPS-4
‘ In Eye 16,000-17,000 FPa-Y

* No bright band data are available between 125 and 20 nautical miles of
i the eye.

Following the Jordans'(1954) as well as the radiosonde data of this
report, we adopt a value of 2T/2H = -1.6°C per thousend feet. The dif-
ference of some 4000 feet of the bright band neight from a distance 170
milea ahead of the eye to *the eye region ig thue indicative of & horizon-
tal temperature veriation at about 15,000 feet of 6 or 7°C. 1t may be
noted that Fige. 4.7, 4.8, and 9.9 indicate a 6°C temperature chaenge over
a similar distance at the 10,000 foot ievel; earlier soundings (Figs. 3.2,

EXgle)
LU0




5.8, and 4.3) indicate smaller irregular changes. These results are gen-
erally very similar to the Jordans' mean thermal structures (1952 and
195h) and the cross section of Simpson for the 1946 Tampa storm.

Since the temperature at which naturally falling snow melts is some-
what a function of particle size, updraft, and lapse rate, the precise
correlation of bright band and temperature is a formidable task. However,
the utilization of more precise relationships between bright band height
and temperature than attempted here, coupled with accurate measurements,
could be applied to such small scale phenomens as the individual rain
bands as well as to the total hurricane.
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